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Distillation, one of the oldest separation processes, is of central importance in the chemical 
and process industries due to its ability to separate ideal, non-ideal, homogeneous, heterogeneous, 
and azeotropic mixtures in industrial-scale operations. It is the most commonly employed method 
for liquid-liquid separation applications. Distillation accounts for ~95% of the total separation 
energy used in the refining and chemical-processing industries (Leeson et al., 2017). 
Unfortunately, the energy efficiency of a commercial distillation column is fairly low, with a 
typical thermodynamic efficiency of less than 10% (Rush, 1980). There are two main reasons for 
its low efficiency. First, there are large irreversible heat-transfer losses in the phase-change 
processes of boiling a liquid and then condensing the vapor. Second, a significant fraction of 
energy is used to overcome the azeotropic bottleneck in azeotrope-forming systems (e.g., ethanol 
+ water). While a few conventional distillation technologies and new separation approaches have 
been developed for azeotropes, they rely largely on separation via phase equilibrium, or involve 
large capital, energy, or other operating costs. 
Like distillation, drying is an energy-intensive process which removes the moisture content 
from biopolymer matrixes such as food products, for the purposes of reducing the costs of 
transportation and packaging, and for food preservation. The thermal energy that is required in a 
drying process, plus the fact that water removal in the falling-rate period is difficult, cause the 
drying foods to be exposed to elevated temperatures for a long time. Drying is thus a process that 
is known to degrade the product quality, especially the nutritional quality. Hence, ways are being 
sought to dry foods with heat-sensitive nutrients at low temperatures. Indeed, there is a crucial 




 In this project, a new approach has been proposed and tested for liquid-liquid and solid-
liquid separations using ultrasonic waves at different frequencies. First, power ultrasound was used 
to separate ethanol from an ethanol-water mixture, with a focus on prototype development and 
optimization of process parameters, including the initial ethanol concentration, carrier gas-flow 
rate, temperature, and mist collection time. Additionally, the physicochemical properties of the 
ethanol-water mixture were investigated to gain a better understanding of ethanol and water 
interactions, which may provide insights for the selection of process parameters. The results 
showed that the ultrasound-mediated ethanol separation at low temperatures was effective in 
enriching ethanol in the ultrasound-generated mist. The volumetric flow rate of the carrier air was 
found to be an important parameter affecting the ethanol concentration in the mist. More 
importantly, this non-thermal, non-equilibrium separation method was able to break the ethanol-
water azeotrope, showing promise for reducing energy consumption in the ethanol-production 
process.   
With regard to water removal from biomaterials (solid-liquid separation), a novel use of 
power ultrasound was tested for drying fabrics and apple slices with no or minimal application of 
heat. For drying the apple slices, the performance of ultrasonic drying was compared with those 
of two commonly used methods, freeze drying and hot-air drying. The effects of the non-thermal 
ultrasonic drying method on the drying kinetics, product-quality attributes, and microstructures of 
the apple slices were evaluated. The results obtained for the fabric drying showed that, regardless 
of the fabric type, room-temperature ultrasound drying with a high-frequency transducer 
significantly reduced the drying time compared to ultrasound drying by a low-frequency mesh 
transducer or a hot-air drying method. The time needed to dry apples to a 5% moisture content 
(wet basis) was 81% faster for the ultrasonic contact-drying method than the hot-air drying method 
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at 60±1oC. The apple slices processed by the ultrasound also maintained a significantly higher 
rehydration ratio, antioxidant capacity, total phenol content, better color, and microstructure than 
the hot-air-dried samples.  
Overall, the novel ultrasonic, non-thermal, solvent-separation schemes proposed and tested 
in this study demonstrated a significant improvement over the current technologies in ethanol-
enrichment and food dehydration processes. The information obtained in this study will provide 
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Separation of a solvent from a liquid-liquid mixture or biopolymer, frequently done by 
distillation or drying, is ubiquitous in the chemical and process industries (CPI), with the latter 
applying mostly to the food industry.  
Among the liquid-liquid separation methods, distillation, a process of separating components 
of a solvent mixture based on different boiling points, alone accounts for ~95% of the total 
separation energy used in refining and other chemical-process industries (Rush, 1980). 
Unfortunately, the energy efficiency of a commercial distillation column is low, with a 
thermodynamic efficiency of 5-20 % being typical (Shahandeh et al., 2015). The United States has 
over 40,000 distillation columns operating in more than 200 different processes (Elridge et al., 
2005; Lucia et al., 2008). The energy consumption of these distillation columns corresponds to 1.2 
MM barrels of oil per day (Lucia and McCallum, 2010). Even a 10% improvement in efficiency 
would thus be an energy savings equivalent to 120,000 barrels of petroleum per day (Hewitt et al., 
1999). 
The low efficiency of distillation is often attributed to two factors.  First, there are large 
irreversible heat losses in the distillation systems (Kazemi et al., 2017). Second, a significant 
fraction of the energy used in liquid separations is used to separate azeotropic mixtures in 
azeotrope-forming systems (e.g., ethanol/water).  While a number of conventional distillation 
technologies (e.g., pressure-swing, extractive, and azeotropic distillation) (Widagdo and Seider, 
1996) and new separation approaches (e.g., dividing-wall columns, membranes, molecular sieves, 
bio-absorbance, and hybrid processes) (Huang et al., 2008; Mahdi et al., 2015) have also been 
developed for azeotropic mixtures, these approaches rely largely on separation via phase 
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equilibrium or involve large capital and/or operational costs (Widagdo and Seider, 1996; Huang 
et al., 2008; Mahdi et al., 2015).  
One important application of distillation in CPI is in ethanol production. The bioethanol 
dewatering (dehydration) step is one of the big energy users and hence cost contributors. Energy-
intensive purification is required to produce fuel-grade ethanol of high purity, mainly due to the 
low ethanol concentration (4-12 wt%) in the fermentation broth and the presence of minimal low 
boiling point azeotrope of the ethanol-water mixtures (95.6 wt% ethanol at 78.15°C and 1 atm) 
(Robak et al., 2018; Ahorsu et al., 2018). It is therefore crucial to have an efficient technology to 
remove water from the fermentation broth to produce fuel-grade ethanol. 
Drying, as a solid-liquid separation unit operation, is a prevalent method of reducing the 
moisture content in foods to reduce the costs of packaging, transportation, and storage, and for 
food preservation, and is widely used to remove water or solvent in many other industrial sectors 
as well (Reyes et al., 2011; Rodríguez et al., 2015; Doymaz 2016; Torki-Harchegani et al., 2016).  
Unfortunately, drying is also the most energy-intensive unit operation due to the need to supply 
thermal energy to remove large amounts of water via a phase change (evaporation and/or 
sublimation) (Nemzer et al., 2018). Drying consumes about 12% of the total energy used in the 
manufacturing industries in the U.S., of which a major part is used for drying food, agriculture, 
and forest materials (Strumillo et al., 1995). Since thermal energy is required in a drying process, 
plus the fact that water removal in the falling-rate period is difficult, the drying of foods exposes 
the food products to long periods of elevated temperatures. As a result, drying is known to degrade 
the product quality, especially nutritional quality (Zielinska M. et al., 2013; Karam et al., 2016). 
To minimize this degradation, as well as save energy, there is a crucial need to find a way to 
perform drying at low temperatures.  
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High intensity ultrasound, or power ultrasound, refers to sound waves at frequencies ranging 
from 20-100 kHz, and intensities of 10-1,000 W/cm2. Commercial applications of power 
ultrasound have been investigated for a few decades, and some applications, such as cleaning, 
cutting, homogenization, and extraction, have been documented (Kentish and Feng, 2014). The 
effectiveness of power ultrasound treatments is often attributed to acoustic cavitation, e.g., the 
formation, growth, and implosion of tiny cavities in liquids when ultrasonic waves travel through 
them.  
The idea of using ultrasound to enrich ethanol from an ethanol-water mixture was first 
proposed by Japanese physicists and chemists, with reports showing that a significant enrichment 
of ethanol can be achieved in an ultrasound-generated mist (Matsuura et al., 1995; Sato et al., 2001; 
Kirpalani and Toll, 2002; Yasuda et al., 2003). Their studies have identified the possibility of using 
ultrasound to separate liquid solutions, including azeotropes, but there has as yet been little effort 
to develop a continuous-flow process with a process-engineering focus suitable for industrial 
applications.  
The previous studies on the use of ultrasound in drying enhancement focused on two aspects. 
First, it has been widely investigated for plant/animal food/tissue processing to shorten drying time 
and improve quality as a pretreatment or in combination with hot-air drying, freeze drying, osmotic 
dehydration, or other drying processes (Ortuño et al., 2010; Mulet et al., 2011; Jafari and Zare, 
2017). Another application uses air-borne ultrasound to enhance a hot-air drying process (Gallego-
Juárez and Riera, 2011; Puig et al., 2012; Schössler et al., 2012a; Gamboa-Santos et al., 2014). 
The overall objective of this study was to develop novel non-thermal methods using acoustic 
energy for the separation of selected alcohols from their aqueous solutions and water from selected 
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bio-polymeric matrixes, e.g. fruits/vegetables, in order to reduce energy consumption, improve 
product quality, and facilitate sustainable production. The specific objectives were as follows: 
 Develop prototypes to facilitate ultrasound-mediated ethanol separation from 
aqueous solutions and non-thermal ultrasonic contact drying; and investigate the 
effects of frequency and transducer type on the efficiency of ultrasonic-separation 
and drying systems.   
 Evaluate the effects of the operational parameters of an ultrasound-mediated 
ethanol-separation unit on the separation of ethanol from aqueous solutions.  
 Examine the physicochemical properties of ethanol-water mixtures (surface 
tension, contact angle, and interfacial tension).   
 Investigate the effects of ultrasonic contact-drying on fabric materials in 
comparison with those of a hot-air drying method (thermo-gravimetric analysis 
(TGA)). 
 Evaluate the quality attributes of apple slices dried by the ultrasonic contact-drying 
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2.1 Ultrasound Technology 
2.1.1 Sound spectrums  
Sound waves are classified based on their frequencies. The frequency range of human 
hearing is known to be from 20 Hz to 20 kHz. The sound waves with a frequency lower than 20 
Hz are called as “Infrasound”, which can be heard by whales and is used by submarine sonar 
devices, whereas the sound waves having a frequency of greater than 20 kHz that the human ear 
can detect are named as ultrasound. As it is illustrated in Figure 2.1, ultrasound can be further 
divided into two groups. The first group involves high amplitude (low frequency) waves and is 
known as power ultrasound or high intensity ultrasound with a frequency ranging from 20 kHz 
to 1 MHz. Power ultrasound can be utilized in various food processing unit operations, such as 
freezing, drying, extraction, etc. The second group is called “diagnostic ultrasound” which has 
a frequency of above 1 MHz and is commonly utilized in medical imaging and as an analytical 
method to determine physicochemical properties of foods including their structures, 
compositions and particle sizes. (Kentish and Ashokkumar, 2011; Tao and Sun, 2015).   
2.1.2 Mode of action for ultrasound treatment   
Ultrasound is basically a high frequency pressure wave which creates high- and low-pressure 
regions in a medium that it is passing through. The amount of ultrasonic energy that the system is 
exposed to affects the magnitude of sound pressure variations, i.e., the amplitude of the pressure 
wave or the acoustic pressure. When the pressure variations reach a certain threshold, the 
ultrasound disintegrates the liquid medium (Feng, 2011; Awad et al., 2012). This leads to the 
release of tensile stresses formed by the pressure waves and results in formation of microbubbles. 
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The formation, growth, and implosion of the tiny bubbles in a liquid is known as cavitation 
(Kuznetsova et al., 2005; Mason et al., 2005; Feng, 2011; Awad et al., 2012; Schössler et al., 2012; 
Tao and Sun, 2015). During a cavitation event, the acoustic field causes the bubbles to further 
expand and eventually ends up with an implosion. Based on the dynamic behaviors of bubbles, 
there are two types of cavitation: stable cavitation and transient cavitation (Zheng and Sun, 2005). 
In stable cavitation, due to the low acoustic pressure, the microbubbles formed cannot reach a 
critical size for collapsing. On the other hand, the transient cavitation occurs at high acoustic 
pressure which allows microbubbles to grow rapidly and reach the critical size for implosion. 
When these bubbles instantaneously implode, localized extreme temperature (up to 5000 K) and 
pressure (up to 100 MPa) can be observed (Gong and Hart, 1998; Tao and Sun, 2015).   
Vigorous oscillation of cavitation bubbles produces strong turbulence in a liquid, leading to 
the attraction of small bubbles into ultrasonic field and thus formation of microstreaming (Hughes 
and Nyborg, 1962). The microstreaming can enhance mixing of reactants and improve heat and 
mass transfers during processing (Simal et al., 1998; Tarleton and Wakeman, 1998). The energy 
generated from ultrasound is partially converted to heat even if it is released through different 
mechanisms such as transient cavitation, microstreaming, micro-jetting or stable cavitation. In 
other words, in every ultrasound application, there will be a temperature increase which be taken 
into consideration in process design (Kimura et al., 1996; Ratoarinoro et al., 1995).  
2.1.3 Applications of ultrasound in food industry 
An ultrasonic system is mainly composed of three essential components: a generator, a 
transducer, and a delivery system. The generator transforms alternating current at 50/60 Hz to 
alternating current at ultrasonic frequency to drive a transducer. The transducer plays a crucial role 
in an ultrasonic system which converts the alternating current into mechanical vibrations. There 
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are three types of ultrasonic transducers, namely, liquid-driven transducers, magnetostrictive 
transducers, and piezoelectric transducers (Mason, 1998). Finally, the delivery system amplifiers 
and transmits the mechanical vibrations generated by the transducers into an ultrasonic reactor or 
a treatment chamber.   
The applications of ultrasound in food processing are divided in two groups. It can be used 
to either replace a traditional technology or aid a current technology. In both cases, ultrasound 
enhances processing efficiency and also ameliorates the drawbacks of the traditional processing 
technologies. Ultrasonic treatments can be applied to a wide range of food products depending on 
their medium properties. In the case of liquid or liquid-solid systems, an ultrasonic probe can be 
placed in the food system or the food can be directly immersed in an ultrasonic bath to be exposed 
to acoustic energy (Li and Sun, 2002a; Adekunte et al., 2010; Guan et al., 2011). In some other 
cases, the food materials are put in direct contact with an ultrasound emitting element for different 
applications (Garcia-Perez et al., 2009). 
For instance, ultrasound has been used to improve extraction process, with benefits including 
enhancing the solvent penetration into cellular structures, increasing the yields, decreasing 
processing time, improving operation efficiency, and increasing the mass transfer and release of 
compounds from the cell matrix (Moulton and Wang, 1982; Vinatoru, 2001; Vilkhu et al., 2008). 
The acoustic energy has been tested for improving the freezing rate and reducing the cell damage 
during ice crystal formation (Sun and Li, 2003). It is also employed in thawing processes of various 
food products including beef, pork and fish. The use of ultrasound in filtration processes delivers 
benefits for preventing fouling and concentration polarization, hence improving process efficiency 
(Chemat et al., 2011).  
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A number of studies have reported the use of ultrasound as a pretreatment or an alternative 
to conventional drying methods. It has been proven that ultrasound can significantly increase the 
water diffusivity of some food products, such as banana and pineapple, by enhanced mass transfer 
during drying. Consequently, ultrasound-assisted drying processes require less time to remove the 
same amount water from fresh fruits than nonultrasonic pretreated fruits (Fernandes and 
Rodrigues, 2007; Fernandes et al., 2009). Products pretreated by ultrasound was shown to have 
improved quality, such as a higher rehydration capacity for mushrooms, brussels sprouts, and 
cauliflowers (Jambrak et al., 2007). Besides using as a pretreatment, airborne ultrasound has been 
tested to enhance hot-air drying. Recently, ultrasound direct contact drying has also be investigated 
(García-Pérez et al., 2015). Gallego-Jua´rez et al. (2007) found that the direct-contact ultrasound 
applied to carrot slices resulted in a better drying kinetics at room temperature compared to those 
dried with traditional hot-air drying.  
2.2 Ultrasonic Atomization 
2.2.1 Ultrasonic atomizer and mechanisms of ultrasound atomization  
Atomization is a process of breaking up bulk liquids into droplets. It occurs when the sum of 
internal and external forces acting on the surface of a liquid is greater than surface tension which 
causes the liquid losing stability and breaks into droplets. There are many industrial and 
agricultural applications for atomization, such as chemical sprays used for crops and paint sprays 
(Cheeke, 2012). The device that transforms liquid into droplets is called an atomizer. In order to 
produce droplets with desired properties, different types of atomizers have been developed for 
different atomization applications. There are mainly five types atomizers, namely, pressure 
atomizers, rotary atomizers, twin fluids atomizers, electrostatic atomizer, and ultrasonic atomizers.  
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Ultrasonic atomizer is an electromechanical instrument. It vibrates at high frequency and 
causes droplet formation when the ultrasonic wave is introduced into a liquid. An ultrasonic 
atomizer mainly consists of three parts: piezoelectric disks, a mechanical amplifying component, 
and a support element known as horn (Anandharamakrishnan and Ishwarya, 2015). During 
ultrasonic atomization, the piezoelectric disks apply the ultrasonic vibrations to the liquid. The 
molecules on the liquid surface tend to overcome the surface tension because of ultrasonic 
vibration. As a result, areas with reduced or no surface tension are formed on the surface of the 
liquid which allow the droplets to escape from the liquid (Loser, 2002; Pyo et al., 2006; Fukumoto 
et al., 2006).  Droplets produced by ultrasonic atomization have smaller sizes and narrower size 
distribution than those generated by conventional methods (Rajan and Pandit, 2001; Donnelly et 
al., 2004). Ultrasonic atomization is also characterized with the simplicity of its equipment and 
ease of controlling droplet sizes. Additionally, it does not require to pressurize the fluid. With these 
features, it is possible to reduce the equipment costs and energy consumption (Nii, 2016). 
A number of hypothetic theories have been proposed to describe an ultrasonic atomization 
process, including capillary wave, cavitation, stationary ultrasonic waves in a gas, and excited jet 
disintegration (Walzel, 2012). Among them, the capillary wave and cavitation are the most 
accepted theories of atomization. The capillary wave hypothesis was first proposed by Lang 
(1962). Lang correlated the droplet diameters with the capillary wavelength using Kelvin’s 
equation (Yasuda et al., 2005), Rayleigh’s instability of liquid column or film (Rayleigh, 1892), 
and stability limit wavelength (Nii, 2016). The correlation between the average diameter of 
droplets and capillary wavelength was given by following equation:  








where dav is average droplet diameter, a constant, σ interfacial tension, ρ liquid density, and f 
ultrasonic frequency. Based on this equation, the mean diameter is a constant fraction of the 
capillary wavelength.  
The cavitation theory was first introduced by Sollner (1936). Sollner performed atomization 
of different liquids under degassed and reduced or elevated temperature conditions. The findings 
showed that there was a positive correlation between atomization and emulsification where 
cavitation has a destructive impact on liquid disintegration. Later, Eknadiosyants (1968) reported 
that imploding cavitation bubbles around the liquid surface generated the droplets ejecting into 
headspace. Boguslavski and Eknadiosyants (1969) suggested ultrasonic mist formation may 
involve both capillary wave and cavitation mechanisms.  
2.2.2 Applications of ultrasonic atomization 
Ultrasonic atomizers have been used in various areas including medical applications, 
humidification, combustion, drying, separation and so on. Ultrasonic nebulizers are utilized in 
medical applications for delivery of agonists, corticosteroids, anti-allergic, anti-cholinergic and 
anti-viral and mucolyric agents to the respiratory tract and easing drug inhalation. The use of 
ultrasonic atomizers in humidifiers is also a common application. The droplet generated by 
ultrasonic atomizers are ejected in the form of cool fogs to the surrounding (Taylor et al., 2006). 
Moreover, the ultrasonic atomizers are commonly used in combustion mainly because they do not 
require high pressure injection which can contribute to simple and easily installed fuel supply 
system (Lacas et al., 1993). Ultrasonic atomizers are also utilized for separation of selected 
alcohols from their aqueous solutions like ethanol separation from ethanol-water azeotropic 




The term azeotrope is derived from the Greek words α (a - none), ζέειν (zeo - boil) and 
τρόπος (tropos - way / mean); meaning “nonboiling by any means” (Luyben, 2010). An azeotrope 
mixture can be defined as a mixture of two or more components at equilibrium, which can maintain 
the same composition both in vapor and liquid states at a given pressure and temperature (Doherty 
and Knapp, 1993). The azeotropic mixtures can be divided into two groups depending on their 
mixing behavior at equilibrium temperature. The liquid mixture is called as homoazeotrope when 
it is homogeneous at the equilibrium temperature, whereas it is called as heteroazeotrope when the 
vapor phase has two liquid phases.  
Azeotropic mixtures can also be classified either as a minimum - boiling azeotropic systems 
or a maximum – boiling azeotropic systems (Rousseau, 1987). In maximum boiling azeotropic 
systems, the components of the mixture exhibit attractive intermolecular forces which lead to an 
overall decrease in vapor pressure of the individual components and an overall increase in their 
boiling points (Figure 2.2(a) – 2.2(b)). Example of this azeotropic systems can be acetone - water 
system and the nitric acid - water system. The boiling point of this type of azeotropic mixtures is 
higher than that of the pure components (Figure 2.2(b)). In minimum – boiling azeotropic systems, 
such as an ethanol - water mixture, due to the co-existence of different functional groups in the 
mixture structure, repulsive forces between the components can occur. Therefore, as it is illustrated 
in Figure 2.2(c) and 2.2(d), there is an overall increase in effective vapor pressure of the 
components, whereas an overall decrease in their boiling points. In such systems, the boiling point 
of the mixtures is lower than that of the pure components (Luyben, 2010). Aqueous alcohol 
azeotropes are some of the most common ones. The occurrence of azeotropes in the form of water 
and low molecular weight alcohols has a great importance in the growing biofuel industries 
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(Luyben, 2010). More detailed information regarding alcohol – water azeotropic mixtures will be 
provided in the following sections.   
2.3.1 Ethanol and ethanol – water azeotropes  
Ethanol or ethyl alcohol (CH3CH2OH) is a low molecular weight alcohol. Due to its unique 
properties, it is widely used in various fields and products, including antifreeze agents, 
pharmaceutical preparations, perfumes, fuels, etc. (Logsdon, 2000; Riemenschneider and Bolt, 
2005). It is also the primary functional ingredient of alcoholic beverages.  In recent years, the 
global biofuel legislation has stimulated the growth of ethanol production. Ethanol has been widely 
used to replace methyl tert-butyl ether (C5H12O) as an oxygenate due to methyl tert-butyl ether’s 
associated environmental risk (Henley et al., 2014). Currently, more than 95% of U.S. gasoline 
contains 10% anhydrous ethanol (Adair and Wilson, 2009). 
Ethanol is industrially produced by two pathways, namely, fermentation and synthetic. 
Fermentation is an anaerobic conversion process in which mono-sugars is converted into ethanol, 
carbon dioxide and / or organic acids by microorganisms (Junker, 2000).  Approximately 70% of 
global ethanol is produced by the fermentation pathway (Davenport et al., 2002). On the other 
hand, synthetic ethanol production can be done by either direct or indirect hydration of ethylene. 
Due to its better yield, less by-products and reduced amount of pollutants, the direct hydration has 
become more preferable than the indirect hydration route (Riemenschneider and Bolt, 2005). In a 
direct hydration process, first, water vapor is mixed with ethylene at elevated pressure and 
temperature. Then the mixture is passed through a catalyst saturated with phosphoric acid. At the 
end of this reaction, a dilute crude ethanol is obtained. Due to the presence of water, none of 
ethanol production methods is able to produce an anhydrous ethanol with a purity of 99.3%, which 
is the minimum requirement for fuel grade applications. Therefore, further purification processes 
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are necessary to produce anhydrous ethanol (Riemenschneider and Bolt, 2005; Haelssig et al., 
2012).  
When ethanol is mixed with water, they form an azeotropic mixture with a composition of 
89.5 mole % ethanol and 10.5 mole % water. While the individual boiling points of ethanol and 
water are 78.4°C and 100 °C, respectively, their mixture boils at 78.2 °C at 101.3 kPa which their 
separation impossible via ordinary distillation (Gmehling et al., 1994). Therefore, an additional 
process has to be applied to obtain high purity ethanol from its aqueous solutions.  
2.4 Distillation Methods for Ethanol – Water Azeotropic Mixtures 
There are a number of techniques applied in industry for separating azeotropic mixtures. 
Advanced distillation methods are employed to separate azeotropic mixtures, including, 
adsorption, membrane processes, process intensification and enhanced distillation (Vane et al., 
2009), and they are introduced below.  
Membrane-hybrid separation includes a few techniques including reverse osmosis, vapor 
permeation and pervaporation. The working principle of these highly selective and energy efficient 
techniques relies on mass transfer operations. However, the membrane systems are more difficult 
to design, have a lower processing capacity, and require higher installment costs compared to the 
other separation methods (Sander and Soukup, 1988; Haelssig et al., 2012). 
Pressure swing distillation can be applied to separate both minimum- and maximum-boiling 
azeotropes. This process contains a two-column distillation sequence, where two distillation 
columns are operated at different pressures. Among all the distillation methods, pressure-swing 
distillation is the most expensive technique for separation of ethanol from the ethanol – water 
azeotropic mixture (Knapp and Doherty, 1992). 
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Entrainer addition distillation takes the advantage of physiochemical changes occurring in 
the vapor liquid equilibrium behavior of an azeotropic mixture with addition of an extraneous 
liquid component. The mixture to be separated is called original mixture and the added component 
that aids the separation process is called an entrainer.  
2.4.1 Ultrasound enhanced separation methods for ethanol – water azeotropic mixtures 
The application of ultrasound in the separation of ethanol–water mixtures was first reported 
by Matsuura et al. (1995) and Sato et al. (2001). They demonstrated that the ‘vapor’ phase obtained 
as a result of ultrasonic atomization of ethanol solution is a mixture of mist and vapor, which was 
highly enriched with ethanol. The importance of cavitation activity in ultrasound separation 
process and the effects of ultrasound frequency, solute concentration, temperature, and acoustic 
power intensity on separation were further investigated by Kirpalani and McQuinn (2006). 
Kirpalani and Toll (2002) proposed an alternative mechanism to explain the enrichment 
phenomenon in which the physical formation of cavitating microbubbles and the oscillating 
fountain jet at the liquid surface during sonication were combined. According to this theory, as the 
cavitation bubbles move through the ethanol – water mixture, they continue to grow until they 
collapse and release the alcohol mist by diffusion. In addition, investigation of separable 
substances (Yasuda et al., 2005; Takaya et al., 2005; Suzuki et al., 2006; Matsuura et al., 2007), 
determination of the separation mechanism (Kirpalani et al., 2002; Yasuda et al., 2003; Avvaru et 
al., 2006) and effects of operation conditions on ethanol separation (Yasuda et al., 2003; Kawase 
et al., 2006) have been studied ultrasonic atomization. Table 2.1. summarizes previous studies on 
the use of ultrasound in separation.  
It is believed that acoustic cavitation is one of the main causes for ultrasound-mediated 
separation (Hua and Pfalzer-Thompson, 2011). Ripin et al. (2008) and Mudalip et al., (2011) 
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reported that vapor liquid equilibrium (VLE) and relative volatility of azeotropic mixtures can be 
altered by ultrasonic waves due to cavitation effect. Mahdi et al., (2015) also noticed that the 
application of ultrasound significantly influenced the thermodynamics of the mixture through 
changing its VLE. 
The major advantage of ultrasound-mediated separation is the elimination of the azeotropic 
point. This method enables separations of azeotropic mixtures in a single stage without the use of 
a separating agent, which makes it an energy efficient and environmentally-friendly process. 
Moreover, it can reduce the size of distillation equipment (Mahdi et al., 2015).  
2.5 Drying and Drying Mechanisms 
Drying is one of the oldest and the most widely used preservation process in the food 
industry, which involved complex heat and mass transfer mechanisms (Schössler et al., 2012). The 
major goal of drying is to extend the food products’ shelf life and ensuring their storage safety by 
reducing their water activity to a level lower than 0.6 to prevent microbial growth (Karim and 
Hawlader, 2005a; Orsat et al., 2007; Doymaz, 2012, Calín-Sánchez et al., 2013). It is also one of 
the most energy-demanding processes among all unit operations (Doymaz, 2008). 
Hot-air drying is the most widely used drying method in the food industry. In a typical hot-
air drying process, three periods can be observed, namely, constant drying rate, first falling rate, 
and second falling rate periods. During the constant drying rate period, the free moisture on the 
surface of the material vaporizes. When the moisture content of the material reaches to a critical 
point, known as the critical moisture content, the drying rate starts decreasing with decreasing 
moisture content, in this period, the moisture has to migrate from the inside of the material to the 
surface mainly by diffusion to be removed. In this period, the thickness, shape and the internal 
tissue collapsing of the product highly affects the drying rate.  
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At the end of the first falling rate period, some biological and most food materials experience 
a second falling rate period in which the surface of material is considered as dry. During this 
period, heat is required and the moisture within the solid components of the material is removed 
by evaporation which is followed by molecular diffusion of the vapor from the solid into the air 
stream. The second falling rate period has a lower drying rate compared to the first two periods 
due to the shrinkage and low moisture gradient. The amount of moisture removed during this 
period is also relatively lower than the previous periods (Harker et al., 2013). In second falling rate 
period, a higher drying air temperature can be applied to accelerate the drying process. However, 
this might cause crust formation on the material surface and degradation of other quality attributes 
(Zeki, 2009; Botha et al., 2012).   
2.6 Drying Methods 
Many drying methods have been developed for drying of foods due to the great variation in 
the types and properties of food materials, including hot-air drying, fluidized bed drying, drum 
drying, vacuum drying, microwave drying, and freeze drying, to name a few (Okora and Madueme, 
2004; Toshniwal and Karale, 2013). Convective hot-air drying is the most widely used method to 
dry fruits and vegetables (Doymaz, 2008). In a hot-air drying process, heated air passes through 
the food product to supply thermal energy to and remove moisture from the food (Brennan and 
Grandison, 2006). The major disadvantage of convective hot-air drying is a significant quality 
degradation in the food product due to prolonged drying time and high process temperature. Unlike 
hot-air drying, freeze drying is performed at sub-zero temperature and under vacuum conditions, 
which offers various advantages in terms of maintaining the product quality (Mujumdar, 2014). 
Freeze-drying process starts with freezing of the food material, followed by the removal of frozen 
free water through sublimation and bound water by evaporation. Due to low process temperature 
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and no oxygen and light exposure, the end-product has a superior quality. However, freeze-drying 
process is considered the most expensive technology among all other drying methods (Falade and 
Igbeka, 2007). 
There has been a great effort to develop novel drying technologies with increased thermal 
efficiency, good retention of product quality, decreased the capital and operation costs, improved 
process capacity, reduced operational risks and ability of drying a wide range of products (Kudra 
and Mujumdar, 2009). For that purpose, the use of acoustic energy has been proposed as an 
alternative to traditional drying methods. Besides the early work using air-borne ultrasound to 
assist hot-air drying, most previous studies for ultrasound-assisted drying focused on using 
ultrasound as a pretreatment to enhance a follow-up hot-air drying or other drying methods. A few 
recent studies have reported that direct contact between samples and ultrasonic transducers 
provided a significant improvement in drying rate due to the good acoustic impedance matching 
between them (Schossler et al., 2012; Romero et al., 2015). Gallego – Juarez et al. (2007) compared 
the drying kinetics of carrot and potato slices dried with and without direct contact ultrasound 
application. Their results showed that ultrasound has a paramount effect on drying time and 
improving the effective moisture diffusivity during drying process.  
2.7 Effects of Drying on Quality of Food Products 
Physical and nutritional quality changes can be observed in drying of food products. Drying 
as a thermal process has shown to degrade nutritional quality of foods. The effect of drying process 
on nutrients of various food products such as vitamins A, B1, B2 and C, antioxidants, 
polyphenolics, anthocyanin and fiber, has been previously studied (Erenturk et al., 2005; Yilmaz 
and Toledo, 2005; Vinson et al., 2005; Kaya et al., 2010; Bennetta et al., 2011; Holzwarth et al., 
2012). Overall, it has been observed that the drying time, drying temperature, initial moisture 
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content of the food products, and drying method has a significant effect on the nutritional quality 
of the final product. 
Drying also negatively impacts physical properties of food products. Structural collapsing 
due to the moisture removal, shrinkage, changes in porosity, alterations in color and textural 
attributes such as hardness, fracturability, chewiness, gumminess and resilience due to the drying 
process have been reported by previous studies conducted with different drying methods and food 
products (Ratti, 2001; Karabulut et al., 2007; Chong et al., 2008; Deng and Zhao, 2008; Yan, et 
al., 2008; Ong and Law, 2010; Huang et al., 2012; Chong et al.,2013). 
Ultrasound-assisted drying has been reported to enhance drying process and improve product 
quality (Kudra and Mujumdar, 2009; Chemat et al., 2011; Carcel et al., 2011; Siucinska and 
Konopacka, 2014; Witrowa- Rajchert et al., 2014). Compared to traditional drying methods, 
ultrasound-assited drying was shown to have a positive effect on nutritional and physical quality 
of the food product, such as a better retention in color (Ozuna et al., 2014a; Kroehnke et al., 2015; 
Szadzinska et al., 2015), antioxidant capacity, content of natural colorants (anthocyanins, 
carotenoids, etc.), polyphenol content (Rodríguez et al., 2014; Kroehnke et al., 2015; Santacatalina 
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2.9 Figures and Tables  
Table 2.1. Summary of previous studies on the use of ultrasound in separation 
Title Medium Frequency Flow rate Carrier gas Power 
Diameter of  
Transducer 
Reference 
Separation characteristic of alcohol from 
aqueous solution by ultrasonic atomization  
Ethanol  
Methanol 
2.4 MHz 3.3x10-4 m3/s Nitrogen 13.4 W 14 mm Yasuda K. et al., 2014 
Enrichment of surfactant from its aqueous 
solution using ultrasonic atomization 
Dodecyl-benzenesulfonic acid 




2.4 MHz N/A N/A 12 W 18 mm Takaya H. et al., 2004 
Efficient reduction of gasoline volatility 
through ultrasonic atomization 
Benzene 
Toluene 
2.4 MHz 3*10-4 m3/s Air 24 V N/A Matsuura K. et al., 2007 
Influence of adding salt on ultrasonic 






2.4 MHz 4 L/min Air 12 W 18 mm Hamai K. et al., 2009 
Small-angle x-ray scattering measurement of a 
mist of ethanol nanodroplets:  An approach to 




2.4 MHz 10-50 L/min Air 13 W N/A Yano F.Y. et al., 2007 
Efficient separation coupled with ultrasonic 
atomization using a molecular sieve 
Ethanol 
Water 
2.4 MHz 12 L/min Air 16 J/s 18 mm Matsuura K. et al., 2007 
Ultrasonic atomization of liquids in 
drop-chain acoustic fountains 











Simon C.J. et al., 2015 
Transient high-frequency ultrasonic 
water atomization 
Water 1.65 MHz N/A N/A 50 V 20 mm Barreras F. et al., 2002 
Ethanol enrichment from ethanol-water 







Air 20 W 18 mm 
Kirpalani D.M. and Suzuki K., 
2011 
Influence of cavitation on ethanol enrichment 






2.9x10-6 m3/s Air 
9-30 W    
8-18 W 
20 mm Suzuki K. et al., 2011 
Effect of ultrasound on liquid phase adsorption 





N/A N/A N/A N/A Bono A. et al., 2007 
Characteristics of ultrasonic atomization of a 
surfactant solution  
KCl, NaCl, CaCl2H2O 2.4 MHz N/A N/A 12 W 18 mm Takaya H. et al., 2003 
Analysis of concentration characteristics in 
ultrasonic atomization by droplet diameter 
distribution  
Methanol, ethanol, 1-propanol 2.4 MHz 0.16 m/s Air 18 W 20 mm Yasuda K. et al., 2004 
Characteristic of selective atomization of 
polar/nonpolar substances in an 
oleosus solvent with ultrasonic irradiation 
Ethanol, isopropanol,n-
octanen-undecane 

















































Figure 2.2. P-x-y and T-x-y phase diagrams where the x-axis is the composition, in mole fraction 
of one the mixture components; (a) P-x-y diagram of a maximum-boiling azeotrope; (b) T-x-y 
diagram of a maximum-boiling azeotrope; (c) P-x-y diagram of a minimum-boiling azeotrope; (d) 











ULTRASOUND-MEDIATE SEPARATION OF ETHANOL FROM AQUEOUS 
SOLUTIONS – EFFECT OF OPERATIONAL PARAMETERS OF SEPARATION AND 
PROPERTIES OF THE ETHANOL-WATER MIXTURES 
3.1 Abstract 
The goal of this study was to investigate the effects of operational parameters (initial ethanol 
concentrations, temperatures, carrier gas flow rates, mist collection times and the addition of salt) 
on the ultrasound-mediated separation of ethanol-water. The volumetric flow rate of the carrier air 
had a significant effect on enrichment which was determined between 25 and 30 L/min as an 
optimal range. The enrichment ratio decreased as the initial mass fraction of ethanol was increased 
from 0.1 to 0.7 (w/w). A similar trend in the enrichment ratio was also observed as the temperature 
and collection time was increased from 15 oC to 45 oC, and 2 to 10 min, respectively. Although an 
increase in the enrichment ratio was also detected due to the salt addition, the effect of its 
concentration on ethanol separation performance was observed as relatively low. In addition to 
determining the process parameters, the physicochemical properties of the ethanol-water mixture 
(contact angle and surface tension) were measured at different concentrations by using Ramé Hart 
Goniometer.  




Separation of liquid mixtures, frequently by distillation, is ubiquitous in the chemical and 
process industries (CPI).  Among the liquid-liquid separation methods, distillation operation alone 
accounts for ~95% of the energy used in liquid separations, ~25–40% of overall energy used in 
CPI, and ~3% of global energy consumption (Rush, 1980; Hewitt et al., 1999). Unfortunately, the 
energy efficiency of a commercial distillation column is low with a thermodynamic efficiency of 
less than 10 percent being typical. The United States has over 40,000 distillation columns operating 
in more than 200 different processes. The impact of energy savings is significant, with estimates 
that a 10% improvement in distillation operation is equivalent to about 100,000 barrels of 
petroleum per day (Hewitt et al., 1999).     
The low efficiency of distillation is largely due to two issues.  First, there are large 
irreversible losses due to heat transfer (Kazemi et al., 2017). Second, a significant fraction of 
energy used in liquid separations is used to separate azeotropic mixtures in azeotrope-forming 
systems (e.g., ethanol/water).  While a number of conventional distillation technologies (Widagdo 
and Seider, 1996; Mahdi et al., 2015) (e.g., pressure-swing, extractive distillation, and azeotropic 
distillation) and new separation approaches (Huang et al., 2008) (e.g., dividing-wall columns, 
membranes, molecular sieves, and bio-absorbance) have been developed for azeotropic systems, 
these approaches largely rely on thermal separation via phase equilibrium or involve large capital 
and/or operational costs.    
Ultrasound passing through a liquid layer with a free surface above produces droplets that 
form a mist. This phenomenon is called ultrasonic atomization (Wood and Loomis, 1927). 
Ultrasonic atomization of liquids is an effective way of generating fine droplets. It has been used 
for several processes such as humidification, spray (Liu et al., 2003), and powder production 
(Bittner et al., 1999; Bauckhage et al., 1996). Compared to the conventional atomization methods, 
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ultrasonic atomization is known to produce droplets with a relatively narrow particle size 
distribution, and monodispersed spray could be generated by this method. The droplet size is 
proportional to the ultrasound frequency inversely (Barreras et al., 2002). Two theories have been 
proposed to explain the mechanism of droplet formation by ultrasound. The cavitation theory 
assumes that when a liquid is subjected to ultrasound, small acoustic cavitation bubbles burst near 
liquid surface generating ejecting droplets into a headspace (Simon et al., 2015). The capillary 
wave theory holds that droplets are produced from the crests of the capillary waves (Lang, 1962). 
The idea of using ultrasound to enrich ethanol from an ethanol-water mixture was first proposed 
by Japanese physicists and chemists, with reports showing that a significant enrichment of ethanol 
can be achieved in the ultrasound-generated mist (Matsuura et al., 1995; Kirpalani and Toll, 2002; 
Sato et al., 2001; Yasuda et al., 2003). Previous studies have attributed the enrichment to an excess 
of ethanol in a thin layer on the liquid side of the interface, enhanced evaporation due to increased 
surface area, or to ethanol-rich clusters in the bulk solution directly brought into the gas phase by 
bursting cavitation bubbles (Li et al., 1993; Yano, 2005). Their studies have identified the 
possibility of using ultrasound to separate liquid solutions, including azeotropes.  
However, little effort has been made to develop an ultrasound-mediated ethanol separation 
system with well-controlled process conditions (e.g., temperature), and to examine the effects of 
critical process parameters, such as mist collection time and carrier gas flow rate on separation, 
und. Therefore, the goal of this study was to develop a bench-top ultrasound-mediated ethanol 
separation working in batch mode, and to determine the optimal operational conditions for 
enhanced ethanol enrichment in ultrasound-generated mist.  
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3.3 Materials and Methods  
A custom-made high intensity ultrasound mister was used for ethanol separation 
experiments, as shown in Figure 3.1. A 2.4 MHz ultrasonic transducer with a diameter of 18 mm 
and rated power of 13.4 W was installed in the center of the bottom of a custom-designed 
cylindrical separation unit. The unit was made from transparent polyvinyl chloride resin (10 mm 
thickness), with a height of 305 mm and an inside diameter of 100 mm. The temperature of the 
bulk liquid (at the bottom of the unit) was kept nearly constant by circulating controlled-
temperature water through a jacket laterally surrounding the bottom section of the vessel. Mist 
generated by ultrasonic actuation was carried out of the cylindrical volume by a carrier air flow. 
In experiments, the entire set-up was pre-conditioned to a target separation temperature by 
water circulation, followed by adding approximately 200 ml of ethanol solution with desired mass 
fraction into the separation unit, to a liquid depth of about 25 mm. The ultrasonic transducer was 
turned on to produce a mist from the bulk liquid. The mist produced was carried out by carrier air 
to a collection unit. The operational parameters examined include initial mass fraction of ethanol 
in bulk solution (0.04 to 0.7 w/w), temperature (15, 30 and 45 oC), carrier gas flow rate (10 to 30 
LPM), mist collection time (2 to 10 min), and the addition of salt (25, 50, 75 and 100 g K2CO3 / 
liter). The ethanol concentration in the bulk solution and the mist was analyzed by HPLC. The 
collected mist was filtered through a syringe filter into a 1.5 ml capped vial for HPLC analysis. 
Duplicate samples were analyzed using a Waters e2695 HPLC series system (Waters Associates, 
Milford, MA, USA) equipped with a Prevail Carbohydrate ES 5 µm column, automatic injector, 
and a Waters 2414 refractive index detector at 40oC. The mobile phase was 160 µL H2SO4/L HPLC 
grade water, with a flow rate of 1 mL/min. Distilled water and 200 proof ethanol (Decon Labs, 
King of Prussia, PA) were used. 
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To understand the interactions between ethanol and water molecules in the mixture, the 
physicochemical properties of the ethanol-water mixture were analyzed using a Ramé Hart 
Goniometer (Model 250, Succasunna, NJ, USA). For this purpose, four samples which had ethanol 
concentrations from 30 to 90 % (v/v) were prepared with distilled water and 200 proof ethanol 
(Decon Labs, King of Prussia, PA). Contact angles between the droplet and glass surface and air 
were measured using 1 μL drops of ethanol – water mixture taken from each sample by using the 
Ramé Hart Goniometer. Based on the method of Berry et al. (2015), using the obtained contact 
angle, the surface tension of the ethanol – water mixtures was calculated for each concentration by 
Eq. 3.1,  
 
where, Δρ is density difference, g stands for gravitational acceleration, and 1/α: correction 
coefficient is determined by ds/de. 
3.4 Results and Discussion 
3.4.1 The effect of carrier gas flow rate on ultrasonic ethanol enrichment 
A proof-of-concept batch unit was developed to enrich ethanol in the collected mist at room 
temperature, using a range of initial ethanol concentrations, as shown in Figure 3.2. Enrichment of 
ethanol was observed in the mist for mother solutions at all initial concentrations. For an initial 
ethanol mass fraction of 0.10 in the bulk solution, it was enriched to 0.22 in the mist.  Similarly, it 
was enriched from 0.2 to 0.4, and 0.4 to 0.68. The most noteworthy finding is that, when the initial 








collected mist exceeds 0.96, thus directly bypassing the azeotropic bottleneck of 0.956. It should 
be mentioned that the enrichment in ultrasound-mediated separation was achieved at ambient 
temperature, thus it is a non-thermal separation process. In contrast, traditional distillation for 
ethanol enrichment from fermentation broth was performed at high temperatures, normally in the 
range of 55 oC (rectifier column) and 80 oC (beer column). In addition, the distillation is based on 
vapor–liquid equilibrium on each tray with phase changes, whereas ultrasonic separation of 
ethanol is a process without a phase change. Therefore, there is a potential for significant energy 
saving due to the fact that this method can directly break the azeotrope and does not involve phase 
changes.  
The carrier gas (air) was used to remove the mist from the unit, which was collected in the 
mist collector. An increase in the ethanol mass fraction in the mist was observed when the air flow 
rate was increased from 10 L/min to 30 L/min, as shown in Figure 3.2. The optimal air flow rate 
for separation was determined as between 25 and 30 L/min. This new finding indicates that there 
is a need to rapidly remove the mist produce by ultrasound. This has to do with the nature of this 
new non-equilibrium separation method. If one allows the mist to stay in headspace for a long 
time, it will have a tendency to reach equilibrium with the surrounding gas phase thus reduce the 
concentration of ethanol in the mist.   
A few previous studies also investigated the effect of carrier gas flow rate on ultrasound-
mediated ethanol enrichment. However, the focus of previous works was on the amount of 
condensate collected. Kirpalani and Suzuki (2011) reported found that as the gas flow rate was 
increased from 1.43 cm3/s to 4.51 cm3/s, the volume of collected condensate was also increased 
from 10 mol% to over 90 mol% ethanol. Similarly, Kobara et al. (2009), found that the volume of 
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the droplets reached to 39.4 × 10
12
 nm3 from 14.9 × 10
12
 nm3 as the gas flow rate was raised from 
15 dm3/min to 50 dm3/min.  
It is not clear why the ethanol concentration in the mist can be higher than the azeotropic 
concentration. At ethanol concentrations, a phase separation between ethanol and water due the 
self-association of ethanol molecules may have occurred as postulated by Kobara et al. (2010), 
and the ethanol rich phase would atomize preferentially and generate a mist in which the ethanol 
concentration depends on the cluster structure of ethanol mixture and the initial mixing ratio. Thus, 
for a high initial ethanol concentration, the ethanol concentration in the mist may have high enough 
to across the azeotropic point.  
3.4.2 The effect of initial concentration on ultrasonic ethanol enrichment 
The enrichment ratio was used to evaluate the degree of separation, which was ratio between 
the concentration of ethanol in condensed mist and concentration of ethanol in the bulk solution. 
It can be seen that the enrichment ratio decreased with increasing initial concentration of ethanol 
in the bulk solution with a carrier gas flow rate of 25 LPM (Figure 3.3). Notably, at low ethanol 
concentrations in the bulk solution, a higher enrichment can be observed, especially when the 
ethanol concentration in the bulk solution is below 0.2 (mass fraction). This is in agreement with 
the reports of Nii et al. (2006) and Hamai et al. (2009) who also observed that at lower initial 
ethanol concentration high enrichment ratio can be achieved, and the ratio decreased by increasing 
ethanol concentration.  
This might be caused by a higher volatility of alcohol with respect to water that makes the 
solution more volatile at higher concentration, thus a higher enrichment ratio is obtained at lower 
concentration range.  When the initial mass fraction of ethanol in the bulk solution is low, the 
interfacial tension between water and ethanol molecules will be low because of high contact angle 
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and surface tension. With a low interfacial tension, the interactions between water and ethanol 
molecules are expected to be relatively weak. Therefore, high separation efficiency can be 
achieved at a low initial mass fraction of ethanol (Kadlec et al., 2010).  
3.4.3 The effect of temperature on ultrasonic ethanol enrichment 
With a carrier gas flow rate of  25 LPM, the ethanol concentrations in the collected mist at 
different operating temperatures are plotted against its concentration in the bulk solution as shown 
in Figure 3.4.  At low temperature, especially at 15oC, a significantly higher ethanol concentration 
in the mist than that at 45oC was observed. The separation at 30oC was lower but close to that at 
15oC.  
This observation is in accordance with the work of Yano et al. (2006) in which the effect of 
temperature on the ethanol concentration in the mist was examined. In their study, the ethanol mol 
fraction in the mist decreased from about 0.65 mol% to around 0.4 mol % when the temperature 
was increased from 20°C to 50°C. Kobara et al. (2010) observed at low temperatures the amount 
of ethanol in the fine mist droplets was higher than that at high temperatures.  
In the previous studied it has also been reported the microscopic phase separation between 
ethanol rich and water rich groups occurs relatively more at low temperatures (Wakisaka et al., 
2006; Yano et al., 2007). This phenomenon happens due to the weakening of hydrogen bonds in 
the bulk solution which enable the formation of fine droplets easily. Similar observation was 
reported by Sato et al. (2001). They attributed this finding to the increase in vapor pressure of both 
ethanol and water above their solution which leads to an increase in atomization rate for both 
components, and as a result, a reduction in efficiency of separation.  
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3.4.4 The effect of salt addition on ultrasonic ethanol enrichment 
Figure 3.5 shows the effects of adding K2CO3 on the enrichment of ethanol in the condensed 
mist at room temperature with a carrier gas flow rate of 25 LPM. A slight enhancement of ethanol 
enrichment in the mist was observed with addition of salts. Relatively higher enrichment ratios 
were recorded at lower initial ethanol concentration, and the ratio of enrichment decreased rapidly 
with increasing the initial concentration of the solution. Hamai et al., (2009) reported a significant 
improvement in the enrichment ratio by the addition of K2CO3 or (NH4)2SO4. They proposed that 
this might occur because of an enhancement in the interfacial adsorption of the ethanol. It was also 
postulated that the salt addition may lead to an increase in the ethanol concentration in the interface 
due to a decrease in the number of water molecules surrounding an ethanol molecule (Salabat and 
Hashemi, 2006; Bridges et al., 2007). In Takaya et al.’s study (2005) a slight improvement in the 
enrichment ratio was also observed as a result of addition of NaCl and CaCl2·2H2O and the ratio 
reaches to a constant value after a specific salt concentration. However, they also showed that the 
enrichment ration was different for different salts. A significant improvement was observed with 
addition of KCl while a larger droplet formation occurred in NaCl and CaCl2 systems.  
3.4.5 The effect of collection time on ultrasonic ethanol enrichment 
The mist produced by ultrasonic atomization was carried to a mist collector by a stream of 
carrier gas. The mist samples at three initial ethanol concentrations in the bulk solution were taken 
from the mist collector for ethanol concentration analysis by a HPLC. The ethanol concentrations 
at different collection times are plotted in Figure 3.6. It can be seen that for all three initial ethanol 
concentrations, the samples collected at a longer time had a lower ethanol enrichment in the mist. 
Increasing the sampling time from 2 min to 10 min for samples with winitial= 0.165 and, the ethanol 
mass fraction in the mist decreased from 0.326 to 0.193 and 0.871 to 0.675, respectively. When 
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the collection time increases, the water droplets in the mist may tend to reach equilibrium with the 
surrounding air, thus reducing in the efficiency of the separation process. Similarly, Suzuki et al.,  
(2006) also observed that for initial ethanol concentrations of 20, 40, and 60 mol %, the ethanol 
concentration in the condensate decreased with time.  
3.4.6 Physicochemical properties of ethanol – water mixtures at different concentrations 
The equilibrium contact angle is a unique thermodynamic property at a liquid/solid/gas 
interface which is a function of temperature, pressure, and compositions of the substance (Yuan 
and Lee, 2013). This surface property indicates the degree to which the liquid "wets" the solid.  
When the liquid is water, the contact angle indicates the hydrophilicity or hydrophobicity of the 
solid. The changes of contact angle and surface tension between solution and air were measured 
as a function of solution composition in this study (Figure 3.7). The results showed that, as the 
ethanol content increased, the contact angle and surface tension decreased. Table 1 shows that the 
contact angles and drop shapes vary depending on the ethanol content in the mixture. As ethanol 
concentration increased, the droplets spread more widely on to the glass surface (Table 3.1). For 
pendant drops (top row of images), there are no noticeable changes in drop shape with increasing 
ethanol concentration in the solution. For sessile drops on glass (bottom row of images), the contact 
angle (and hence drop shape) vary continuously with ethanol concentration. 
The changes in the contact angle between the ethanol – water mixture and glass surface with 
time were monitored (Table 3.2). Results showed that, as the ethanol content in the mixture 
increased, the contact angle decreased. Additionally, in every ethanol concentration, it was 
observed that the contact angle of ethanol – water mixtures decreased during the time. In addition 
to the contact angle measurements, the densities and viscosity of the ethanol-water mixtures at 
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different concentrations were adapted from literature. Both the density and viscosity values are 
shown in Table 3.3. 
Using the contact angle data, the surface tension of ethanol – water mixtures was calculated 
for each concentration by Eq. 3.1 based on the method of Berry et al., (2015). Based on the 
obtained data, the surface tension presented a decreasing trend as the ethanol concentration 
increased in the ethanol – water mixture as shown in the Figure 3.7. Yano (2005) explained this 
phenomenon in his study based on the inducing effect of hydrophobic hydration on surface excess 
of the alcohol in dilute alcohol aqueous solutions. According to this study, the solute molecules 
begin to aggregate right after the completion of a monolayer formation which leads to destroying 
the hydrogen bond network in water. Therefore, as the molecular interactions in bulk solution 
weaken, the surface excess decreases (Yano, 2005). Sefiane et al. (2003), also stated in their study 
that the width and volume of drops differ with a concentration of ethanol in the mixture. In line 
with this, the contact angle is highly influenced by the concentration of the more volatile 
component. 
3.5 Conclusion 
In this chapter, the effects of carrier flow rate, operation temperature, ethanol concentration 
in bulk solution, salt addition and collection time on the separation efficiency were evaluated. 25-
30 LPM was the optimum flow rate to obtain the maximum amount of mist. While lower 
temperature conditions had the highest enrichment ratios, higher initial ethanol concentration 
caused a decrease in enrichment ratio. Ultrasound-mediated ethanol separation at low temperature 
is shown to be effective in enriching ethanol in the ultrasound-generated mist compared to the bulk 
ethanol-water solution. The collection time also displayed an important role in enrichment 
efficiency. A better ethanol enrichment obtained when the collection time was the shortest. 
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Although salt addition showed a positive effect on separation efficiency, it was not relatively 
significant when compared with the other parameters. Additionally, the physicochemical 
characteristics of the ethanol-water mixture were investigated. A correlation between the initial 
mass fraction of ethanol in the bulk solution and the surface tension and the contact angle was 
detected. Further research is required to gain a better understanding of the mechanism of ultrasonic 
enrichment of ethanol in the ethanol-water mixture at the molecular level. 
In conclusion, this study provides not only a physico-chemical explanation for the ultrasonic 
separation of alcohol mixtures but also demonstrates the application of ultrasound in the separation 
of miscible solutions with highlighting the gaps in current separation systems. The proposed non-
thermal, non-equilibrium separation method is able to break the ethanol-water azeotrope, showing 
promise to reduce energy consumption in ethanol production. As a future perspective, it is possible 
to improve different mist collection methods, develop a better understanding of droplet size control 
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Table 3.2. Contact angle between ethanol – water mixtures and glass surface at different times  
 
Time (s) 
Contact Angle (deg) 
Ethanol content % (v/v) 
10 30 50 70 90 
0 57.79 48.03 39.21 34.45 22.06 
0.4 57.68 47.94 39.01 34.49 22.01 
1 57.64 47.93 39.02 34.49 21.87 
1.4 57.53 47.95 38.91 34.32 22.01 
1.9 57.48 47.83 38.88 34.49 21.86 
2.4 57.47 47.85 38.76 34.17 21.87 
2.9 57.37 47.81 38.69 34.34 21.79 
3.4 57.3 47.79 38.59 34.17 21.75 
3.9 57.25 47.68 38.48 34.11 21.66 
4.4 57.19 47.7 38.44 34.13 21.76 
 
Table 3.3. Density and viscosity values of ethanol – water mixtures (Kadlec et al., 2010) 
 
Ethanol content   
% (v/v) 
Density  
(kg / m3) 
Viscosity  
(mPa.s) 
10 980.40 1.33 
30 950.64 2.23 
50 909.82 2.42 
70 863.37 1.99 







NON-THERMAL ULTRASONIC CONTACT DRYING OF FABRICS 
4.1 Abstract 
The application of ultrasonic waves in non-thermal drying of three types of fabrics was 
investigated. To reduce the impedance mismatch between the ultrasound media, the fabrics were 
directly placed on the ultrasound piezoelectric disks. A special hot-air drying method 
(thermogravimetric analysis (TGA)) was used for comparison. The ultrasound contact drying (US-
CD) was performed with a high frequency transducer at 1.7 MHz and a mesh transducer at 113 
kHz, all at room temperature. The three types of fabrics used were 100% cotton (FT1), 55% 
polyester and 45% cotton (FT2), and 100% polyester (FT3). The results showed that the drying 
rate of FT1 was lower than that of the FT3 and FT2. The shortest drying time for all fabric materials 
was observed in US-CD at high frequency, was followed by US-CD with the mesh transducer, and 
then TAG drying. Even though the drying time in mesh transducers is longer than that of the high 
frequency transducer, they consumed much less energy. This study showed that acoustic energy is 
an effective, quick and reliable method for drying of material dominated mainly composed of free 
water.  




Drying can be defined as removal of a solvent, often water from a substance. It is one of 
the oldest food preservation methods and a complex unit operation. Drying lowers the water 
activity of food materials and enables production of shelf-stable foods by avoiding or delaying 
spoilage caused by microbial agents, enzymatic reactions or chemical reactions (e.g. lipid 
oxidation) (Orsat et al., 2007; Garcia-Noguera et al., 2010; Doymaz, 2012). Food materials can be 
dried with different methods including hot air drying, drum drying, spray drying, freeze drying, 
etc., and all of them involve application of a thermal energy (Ratti, 2001; Plaza et al., 2003; Cárcel 
et al., 2017). During a drying process, the moisture is removed from the food matrix via a phase 
change via evaporation or sublimation (Lewicki and Michaluk, 2004). Therefore, drying is an 
energy intensive process which consumes reportedly about 10-15% of the energy produced in the 
United States (Mujumdar, 2006).  
To reduce energy consumption and processing costs, and to minimize the quality 
degradation in a drying process, efforts have been made to develop novel technologies (Cui et al., 
2008; Benali and Kudra, 2010; Morelas et al., 2011; Ostermeier et al., 2018). In line with this 
effort, the utilization of acoustic energy has emerged as an alternative drying method. Previous 
studies have focused on using ultrasound as a pretreatment when submerging the food in water to 
enhance a drying process, such as hot-air drying. An enhancement in drying performance has been 
reported in previous studies on ultrasonic drying. One hypothesis for improved drying has 
attributed the drying enhancement to a sponge effect in a biopolymeric material, or by micro 
channels created by high intensity acoustic waves inside the solid matrix (Muralidhara et al., 1985; 
Deepu et al., 2018). The acoustic cavitation inside the solid matrix may also promote the removal 
of bound water.  
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 De la Fuente et al., (2006) and Gallego-Jua´rez et al. (2007) reported ultrasonic drying 
experiments in which the food was in direct contact with ultrasound emitting elements. A 
significant enhancement in drying rates was achieved in their drying tests. Similar approach has 
been adopted in drying of wet fabrics (Momen et al., 2015). The existing methods for fabric drying 
require high thermal energy input to evaporate water from clothes with a low energy efficiency. 
The direct contact drying unit designed by Momen et al. (2015) significantly reduced to reduce 
drying time and energy consumption. The process mainly involved removal of free water thus mist 
production can be observed in the process, which was regulated by the ratio between ultrasonic 
excitation force and surface tension force of water in the fabric (Peng et al., 2017).  
The purpose of this study was to investigate drying of fabrics using ultrasound transducers 
at two frequencies, 1.7 MHz and 113 kHz, and two configurations, a flat disc and a mesh disc. 
Three different fabric materials (100% cotton (FT1), 55% polyester and 45% cotton (FT2), and 
100% polyester (FT3)) were dried and their drying performances were compared with a hot air-
drying method (thermogravimetric analysis).  
4.3 Materials and Methods 
4.3.1 Sample preparation 
For each drying test, the weight of the dry fabrics was measured by an electric balance with 
an accuracy of ±0.0001 g (Ohaus Corp., AP110S, Switzerland). The selected fabrics were then 
wetted using a pipette with same amount of distilled water to achieve a certain value of initial 
moisture content. The relative humidity of the environment was 24.5% during the experiments.   
Initial moisture content (wet basis) was determined using the vacuum oven method at 70 °C for 
24 h (AOAC, 1990). The average of three readings of moisture content was calculated and 
reported. For the three fabrics used in the study, e.g. FT1 (100% cotton), FT2 (55% polyester and 
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45% cotton), and FT3 (100% polyester), a low initial moisture (FT1-L) and a high initial moisture 
samples (FT1-H) were used for TGA drying tests.  
4.3.2 Ultrasonic drying 
For drying using both the high frequency piezoelectric transducer (lead zirconate titanate) 
(1.7 MHz) and the mesh transducers (113 kHz), the fabrics were cut into circular pieces with a 
diameter of 18 mm. The geometric and other parameters of the transducers used in this study are 
shown in Table 4.1. After weighted and wetted the samples with distilled water using a pipette, 
the fabrics were placed directly on the high frequency and mesh transducers as shown in Figure 
4.1(a) and 4.1(b). The transducer power electronics was turned on, and a fabric sample was taken 
to get weight reading every 5 to 10 seconds by an electric balance until the weight of samples 
reached constant. The average of three readings of moisture content were calculated and reported.  
The drying rate at time t can be calculated using Eq. 4.1 (Ozbek and Dadali, 2007; Doymaz, 2007).  
𝐷𝑅 =  
𝑀𝑡+𝑑𝑡 −  𝑀𝑡
𝑑𝑡
 
where,  Mt = moisture content at a time t (g water/g dry base), Mt+dt = moisture content at t+dt (g 
water/g dry base), and t = drying time (h). 
4.3.3 Thermogravimetric analysis (TGA) 
Hot-are drying of fabric was performed by a Thermogravimetric analyzer (TGA Q50, TA 
Instruments, New Castle, DE, USA) as shown in Figure 4.2. The TGA furnace temperature heating 
rate was set to 200oC/min until reaching a final temperature of 70 °C (Chen et al., 2013). A 
thermocouple in the system monitored the temperature changes during the drying experiments. 
Nitrogen (N2) with a rate of 60 cm
3/min was used as a carrier gas for transporting heat from the 




weight was achieved. A TA Instruments Universal Analysis 2000 software (Version 4.5A, TA 
Instruments, New Castle, DE, USA) was used to obtain TGA data. The weight change was used 
to evaluate and calculate drying rate curves using Eq. 4.1.  
4.4 Results and Discussion 
The drying curves and drying rate curves of all the fabrics dried with TGA are shown in 
Figures 4.3 and 4.4, respectively. As shown in Figure 4.3, the drying time is affected by the initial 
moisture content of the fabrics. For FT1-H with an initial moisture content of 3.5 (d.b), it took 12 
minutes to drying the sample to a moisture content of about 0, but for FT1-L with an initial 
moisture content of 1.0 (d.b), it took only 5 minutes. The FT1-L, FT2 and FT3 had a similar initial 
moisture contents, in the range of 1.0 to 1.19 (d.b.), and thus the drying time were in the range of 
4 to 5 minutes.  
Similar trend with changes in the moisture content (d.b.) was observed in drying rate curves 
of all fabric samples. They exhibited a relatively fast drying in the beginning of the drying tests 
and reached to a value of nearly 0 (d.b) moisture content. In the case of FT1-H sample, a relatively 
large constant rate period was recorded, while no constant rate drying was observed for the other 
samples (Figure 4.3). 
The drying curves of the FT1, FT2 and FT3 samples dried by high frequency transducer 
(1.7 MHz) are shown in Figure 4.5. The data showed that for all samples the drying with high 
frequency ultrasound took much less time than the TGA drying. The time required to remove most 
of the moisture was < 20 seconds for high frequency ultrasonic drying, whereas it took 5 min for 
the TGA drying to reach the same moisture level. Among the 3 fabrics, the drying of FT3 was 
much faster than the other two and drying of FT1 fabric was lowest among the three. This is 
verified by the drying rate curves in Figure 4.6. Figures 4.7 and 4.8 show the drying characteristics 
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of three fabrics for ultrasonic drying with mesh transducers (113 kHz). Similar to the high 
frequency ultrasound drying, the drying time with mesh transducer was also significantly shorter 
than the TGA drying for all fabrics. However, the high frequency transducer drying yielded a 
shorter drying time than the mesh transducer in all samples.  
During the ultrasonic drying of fabrics, the entire sample is oscillated by the ultrasonic 
transducer resulting in the release of small droplets from the large pores (James et al., 2003). At 
this stage, the water is removed from the fabric as a cold mist of water droplets, and since it is 
entirely a mechanical process which the doesn’t require any thermal energy input, it provides a 
great amount of reduction in energy consumption compared to traditional fabric drying methods 
(Peng et al., 2017). This process continues until the moisture is only left in the smallest pores 
where the surface tension is higher than the excitation force due to the reduced droplet diameter. 
When the process reaches to this point, the fabric vibrations begin producing thermal energy 
because of the friction they created, which is utilized to remove the remained moisture via 
evaporation (Dupuis et al., 2019). In our ultrasonic fabric drying tests, we also observed mist 
formation in the early stage of drying which resulted in a rapid loss of free water. This process is 
controlled by the ratio between the surface tension forces and the excitation force. When the 
oscillating force created by the ultrasonic vibrations exceeds the surface tension, the threshold for 
atomization can be reached, allowing the droplets to breakdown the liquid vapor boundary and 
release as a mist (Dupuis et al., 2019).   
 The difference in drying performance between the high frequency transducers and mesh 
transducers in ultrasonic drying of fabrics could be related to the difference between their working 
mechanisms. As it is shown in Figure 4.1(a), the mesh transducer consists of a metal mesh placed 
between two piezoelectric plates allowing the water to pass through it, whereas the high frequency 
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piezoelectric transducer is in direct contact with fabric. In the case of mesh transducer, the small 
pores on the mesh may generate capillary pressure to absorb the moisture away from the fabric 
sample which is then removed by the vibration of the mesh. On the other hand, for high frequency 
transducers, the water is released to the gap between the fabric and the transducer surface and then 
atomized. According to the obtained data, the high frequency piezoelectric transducer showed a 
better drying performance with a significantly lower drying time than TGA and mesh transducer 
for all the fabric samples. Among the fabrics, the longest drying time was recorded in FT1 (%100 
cotton) in all the drying methods which might be due to its relatively high water absorption 
capacity. Similar trends were reported in previous studies (Crow and Osczevski, 1993; Peng et al., 
2017). Their data showed that the fabric type and frequency of applied ultrasound influenced the 
drying time of a fabric, and it was concluded that increasing the transducer frequency might be an 
alternative way to reach higher energy efficiency by reducing the drying time.  
4.5 Conclusion 
The ultrasound contact drying (US-CD) at room temperature was shown to be a very 
effective method for drying of wet fabrics. Compared to the hot-air drying at 70 oC via a TGA, a 
significant reduction in drying time was achieved by the US-CD method, from magnitude of 
minutes to second. The ultrasound frequency and type of transducer were found to have an 
important impact on drying rate. In addition, the type of fabric also affected the drying 
performance. Since the wetting of fabric introduced water molecules with minimal bounding to 
fabric structures, the drying process was dominated by removal of free water. Therefore, US-CD 
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Table 4.1. The geometric and physical properties of the transducers used in the study 
  
Transducer Diameter (mm) Frequency (kHz) Power (W) Type 
Mesh 20 113 2.5 Metal mesh 





































































































































































































DRYING KINETICS AND QUALITY ATTRIBUTES OF APPLE SLICES DRIED BY A 
NEW NON-THERMAL ULTRASONIC CONTACT DRYING METHOD 
5.1 Abstract 
 Drying is one of the most prevalent methods to reduce water activity and preserve foods. 
However, it is also the most energy-intensive food processing unit operation. Although a number 
of drying methods have been proposed for the purpose of achieving a time- and energy-efficient 
drying process, all current drying methods still rely on thermal energy to remove moisture from 
the product. In this study, a novel use of power ultrasound was explored to directly dry the apple 
slices without the application of heat.  The ultrasound contact drying (US-CD) was performed in 
the presence of an air stream (26 to 40 oC) flowing over product surface to remove mist or vapor 
produced by the ultrasound treatment. The effects of the non-thermal US-CD, hot-air drying (AD), 
and freeze drying (FD) on the changes in drying kinetics, rehydration ratio, pH, titratable acidity, 
water activity, color, glass transition temperature, texture, antioxidant capacity, total phenols, and 
microstructures of the samples were evaluated. The moisture content of the apple slices reached 
below 5 % (w.b.) after 75-80 min of US-CD, which was 80% less than that of the AD method. The 
FD-dried products exhibited the best quality retention. The antioxidant capacity and total phenol 
contents of the US-CD samples were significantly higher than that of the AD samples. The non-
thermal ultrasonic contact drying is a promising method which has the potential to significantly 
reduce drying time and improve product quality. 





 Drying, as a liquid–solid separation process, is one of the most widely used methods for 
reducing the moisture content of foods and other porous products so as to reduce the costs of 
packaging, transportation, storage, and to preserve the products (Reyes et al., 2011; Rodriguez et 
al., 2015; Doymaz, 2016; Harchegani et al., 2016). It commonly involves removal of moisture via 
a simultaneous mass and heat transfer process (Karim and Hawlader, 2005a; Sahin and Dincer, 
2005; Diamante et al., 2010). Drying is also considered to be the most energy-intensive unit 
operation due to the need of supplying significant amount of thermal energy to remove water via 
a phase change (evaporation and/or sublimation) (Nemzer et al., 2018). Drying consumes about 
12% of the total energy used in the manufacturing industries in the U.S., and a major part of this 
energy is used for drying food, agriculture, and forest materials (Strumillo et al., 1995). Since 
thermal energy is required in a drying process, plus the fact that water removal in the falling rate 
period is difficult, drying of foods is featured by a long exposure to elevated temperatures. 
Therefore, drying is also a process known to degrade food quality, especially nutritional quality.  
Due to its low installment cost and simple applicability to various food products, drying 
with hot air has become the most commonly utilized drying method (Calín-Sánchez et al., 2013, 
Karaman et al., 2014). However, this drying method has many disadvantages, such as significant 
quality degradation, long drying time, and low energy efficiency (Maskan, 2000). On the other 
hand, freeze drying (FD) is considered to a superior drying method for foods, due to its ability to 
prevent shrinkage, and retain nutrients, taste, aroma and flavor of the final product. However, FD 
is an expensive and slow dehydration method that limits its applications (Zhang et al., 2006). The 
demand for high quality food has led to the development of a number of relatively new drying 
methods, such as vacuum-microwave drying (low temperature, fast mass transfer) (Lina et al., 
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1998; De Bruijn and Borquez, 2014), Refractance Window drying (heat transfer by conduction 
and radiation) (Abonyi et al., 2002; Nindo and Tang, 2007; Tontul et al., 2018), and Infidri™ 
drying (or Radiant-Zone drying) (Feng et al., 2011), each has its own unique advantages and 
limitations. These new methods produce products with improved quality comparable to hot-air 
drying (HAD), at relatively low costs compared to FD. Nevertheless, in all of the current drying 
methods, thermal energy has to be applied to remove the moisture, which lowers the activation 
energy of quality-degrading reactions. Therefore, there is a need to develop innovative drying 
methods or novel energy forms for drying food products.  
Power ultrasound has recently been utilized to enhance drying processes (Fernandes et al., 
2008b; Brncic et al., 2010; Mothibe et al., 2011; Dujmic et al., 2013; Ricce et al., 2016; Magalhaes 
et al., 2017; Kowalski et al., 2017; Fuente and Tadini, 2018; Rodriguez et al., 2018).  The vast 
majority of the published works has been focused on using ultrasound as a pre-treatment for 
another drying method (AD or FD), using airborne ultrasound to enhance HAD, or applying 
sonication in an osmotic dehydration process to reduce resistance to mass transfer (Feng et al., 
2011; Fan et al., 2017). For pretreatment applications, acoustic cavitation produced by ultrasound 
increases the permeability of plant and animal cell membranes, leading to enhanced transport.  
In this study, a novel non-thermal ultrasound contact drying (US-CD) method was 
proposed and tested for drying of selected plant foods, e.g. Gala apple slices. An ultrasonic 
transducer box (400  400  90 mm) containing 10 piezoelectric transducers (40 kHz) with rating 
power of 1 kW was used to dry the apple slices. Quality attributes, including rehydration ratio, pH, 
titratable acidity, aw, color, glass transition temperature, texture, antioxidant capacity, total 
phenols, and microstructures of the samples dried with this new method were evaluated, in 
comparison with those dried with HAD and FD methods. 
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5.3 Materials and Methods 
5.3.1 Sample preparation 
Fresh Gala (Malus  domestica, Borkh) apples were purchased from a local market in 
Urbana, IL, USA. The apples were stored at 4±2 °C to keep them fresh until they were used in the 
experiments. The fresh apples had an initial moisture content in the range of 83.5 – 86.5% (w.b.), 
as determined by the vacuum oven method (AOAC, 1990). For each experiment, apples were 
washed with distilled water, peeled by a stainless steel knife, and sliced using an automatic food 
slicer (FS-9001A, Mliter Co., Shenzhen, China) to 2 mm thickness. The average diameter of the 
apple slices was 37 mm. The drying experiments were performed until the final moisture content 
of the samples reached about 5% (w.b.).  
5.3.2 Drying Experiments 
Drying experiments were conducted according to American Society of Agricultural and 
Biological Engineers (ASABE S448.1) Standard. Specifically, the drying was performed after the 
drying system has reached constant conditions, and the samples were clean and damage free. All 
the apple slices were treated with the non-thermal ultrasonic drying (US-CD), single-channel hot 
air drying (HAD), and freeze drying (FD). The performance of the US-CD was compared with 
that of the HAD and FD methods.  
The non-thermal US-CD of apple slices (thickness: 2 mm, diameter: 37 mm, approximately 
1.8 g/slice) was performed with a custom-designed system as shown in Figure 5.1. The apple slices 
were placed on the surface of an ultrasonic transducer box (1 kW, 400 (L) mm  400 (W) mm  
90 (H) mm) that vibrated at 40 kHz to facilitate vibrational moisture removal.  Ambient air was 
heated by a heater (Intertek Inc., Model 1DKX3, 8900, China) and allowed to flow (4.1-4.9 m/s) 
parallel to the top surfaces of the apple slices on the transducer box by a centrifugal air blower 
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(Ebmpapst, Farmington, Connecticut, USA) to carry away moisture came out of the apple slices.  
The ambient air with a relative humidity of 18.5% was heated to 26-40 °C to maintain non-thermal 
conditions. The output section of the blower was aligned with the transducer box to provide a 
uniform air velocity profile over the transducer box surface. The transducer box was submerged 
in a custom-designed water jacket with water level about 0.5 inch to its top surface. The water 
jacket was filled with cold water with ice cubes (~4-5 °C) to lower the surface temperature of the 
transducer box.  
For hot air drying, a custom designed single-channel hot air dryer unit was used (Figure 5.2.). 
The research hot-air dryer consisted of six sections to maximize the efficiency of the drying 
process. These six sections included a dehumidifier (Frigidaire, Charlotte, North Carolina, USA) 
to lower the dryer inlet air humidity for low humidity drying; a centrifugal air blower (Ebmpapst, 
Farmington, Connecticut, USA) to draw air into the dryer system; an ultrasonic humidifier 
chamber, which included a 20-mm ultrasonic transducer (HM 2412, Honda Inc., Japan) installed 
in a custom-made pan to increase air humidity for high humidity drying;  two Omegaflux heaters 
(Omega engineering, Stamford, Connecticut, USA) to provide thermal energy; a drying section 
including a square or round sample holder (36”  5”  5”) and a temperature-humidity sensor 
(Omega engineering, Stamford, Connecticut, USA) to monitor the humidity and temperature of 
intake air, and a load cell to monitor sample weigh changes. To control the air velocity, a Fantech 
IR series iris damper (System air, Sweden) was mounted to the fan, and the air velocity can be 
estimated by the following equation: 𝑞 = 𝑘 ∗ √𝛥𝑃, where 𝑞 =
𝑓𝑡3
𝑚𝑖𝑛
 or CFM. 
The hot-air drying of apple slices (in total around 5-6 g) with similar sizes were performed 
at 60±1 °C, 18.5% relative humidity, and 4.6 – 5 m/s air velocity.  
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For freeze drying, sliced samples (30 g) were treated with liquid nitrogen to get frozen apples. 
Then frozen samples were stored at -40 °C for 16-18 hours before placing in a freeze dryer (Harvest 
Right Inc., Utah, USA). The apple slices were freeze-dried at -40 °C for 24 hours.  At the end of 
the drying, the freeze-dried samples were sealed in Ziploc bags and stored in a desiccator until 
they were used in the analyses. 
5.3.3 Moisture content and drying rate (DR) 
Moisture content (wet basis) was determined using the vacuum oven method at 70 °C for 24 
h (AOAC, 1990). The average moisture content of three replicates were calculated and reported.  
The drying rate at time t can be calculated using Eq. 5.1 (Ozbek and Dadali, 2007; Doymaz 2007).  
                                           𝐷𝑅 =  
𝑀𝑡+𝑑𝑡− 𝑀𝑡
𝑑𝑡
                                                                        (5.1) 
where,  Mt = moisture content at a time t (g water/g dry solids), Mt+dt = moisture content at t+dt (g 
water/g dry solids), and t = drying time (h). 
 
5.3.4 Color measurement 
Changes in the color of the fresh and dried apple slices were monitored with a reflectance 
colorimeter (LabScan XE, Hunter Associates Laboratories, Inc., Reston, VA, USA) based on the 
L*, a*, and b* values. The L* indicates brightness/darkness index (0 to 100 / black to white), a* 
indicates redness/greenness (‘+’ values for red, ‘-’ values for green), and b* indicates 
yellowness/blueness (‘+’ values for yellow, ‘-’ values for blue). Before measurement, the 
colorimeter was calibrated using a white and a black ceramic plate. A slice of sample was placed 
in a 35-mm plastic dish (Corning, NY, USA), and three color readings (L*, a*, and b* values) per 
slice were taken at room temperature. Color of four individual apple slices were measured for each 
treatment and the average L*, a*, and b* values were reported. The L*, a* and b* values were 
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used to calculate the browning index (BI), a parameter to measure the degree of brown color 
formation in the apple slices. It is also an important parameter indicating if enzymatic and/or non-
enzymatic browning reactions have taken place (Bal et al., 2011). The BI was calculated by Eq. 
5.2 and Eq. 5.3 (Djekic et al., 2018, Maskan, 2001) 
𝐵𝐼 =  
100 (𝑥−0.31)
0.17
                                                           
𝑥 =  
𝑎∗+1.75𝐿
5.645𝐿+𝑎∗−3.012𝑏∗
                                                     
where L*= brightness/darkness; a* = redness/greenness; and b* = yellowness/blueness. 
The total color change (ΔE) represents the level of total color change between initial and 
final samples. Eq. 5.4 was used to calculate the total color change (ΔE) of the apple slices (Shewale 
and Hebbar, 2017, Djekic et al., 2018) 
𝛥𝐸 = √(∆L∗)2 + (∆a∗)2 + (∆b∗)2                                           
where ΔL*, Δa* and Δb* were the difference of individual L*, a*, b* color readings from control 
sample.  
The color of dried samples was also compared with the fresh samples using Eq. 5.5 which 
correlated well with visual observations (Kostaropoulos and Saravacos, 1995). In addition, the 
darkness indication was calculated with Eq. 5.6 (Tulasidas et al., 1995).  








where L*= brightness/darkness; a* = redness/greenness; and b* = yellowness/blueness. 
The hue angle used to specify the color in food product was calculated by Eq. 5.7 (Henríquez 
et al., 2010).  
𝐻° =  𝑡𝑎𝑛−1 (
𝑏∗
𝑎∗









The chroma is an index to calculate the intensity or purity of the hue and a degree of color 
change from gray to pure chromatic colors. (McGuire, 1992). The chroma values of the apple 
slices were calculated by Eq. 5.8 (Henríquez et al., 2010).  
𝐶 =  √𝑎 ∗2 + 𝑏 ∗2                                                                      
5.3.5 Rehydration ratio 
The rehydration ratio of the dried apples was estimated according to the method of Jambrak 
et al. (2007) with some modifications. The dried slices (between 5-5.2 g) were weighted and placed 
in a beaker; then adding 100 mL distilled water and covered by a lid allowing to stand for 10 min 
at room temperature. After that, the sample was poured into a strainer, allowed to drain for 60 
seconds, and weighted by an electric balance with an accuracy of ±0.0001 g (Ohaus Corp., 
AP110S, Switzerland). Three replications were used for each experiment. The rehydration ratio of 
the samples was then calculated by 




where D2 = weight of rehydrated product, and D1 = weight of dehydrated product.  
5.3.6 Titratable acidity and pH 
The samples were powdered and 0.5 g of the powder was mixed with 20 mL distilled water. 
The mixtures were equilibrated at 20 °C for an hour. For titratable acidity measurement, the 
prepared mixtures were titrated with 0.1 M NaOH solution to pH 8.1 using an Accumet Research 
AR15 pH meter (Fisher Scientific, USA) and the results were calculated as grams of malic acid 
per 100 g of dry sample (AOAC, 1990). The pH of samples also was determined using the Accumet 





5.3.7 Water activity (aw) and bulk density  
Water activity of the apple samples was measured in triplicate using an Aqualab 4TE 
(Decagon Devices Inc., Pullman, WA, USA) chilled dew point mirror water activity meter with 
precision of 0.003 aw. During measurements, the apple samples were put in a small sample cup 
filling the it half full and placed into the sample chamber (26.7 cm  17.8 cm  12.7 cm), then the 
readings were obtained in about 5 min. The bulk density of samples was defined as the weight of 
dry samples (g) over total volume (mL) of the dried apple slices. The total volume of the dried 
samples were measured in triplicate using the glass bead displacement method (Schulze et al., 
2014).  
5.3.8 Glass transition temperature (Tg) 
TA Instruments Q2000 Differential Scanning Calorimetry (DSC) was used to measure the 
glass transition temperature of the apple samples. Dried samples were powdered and around 10 to 
12 mg powders were placed in Tzero hermetically sealed aluminum pans (TA Instruments, 
T180628, Switzerland). The hermetically sealed aluminum pans were placed in a DSC chamber 
and cooled to -50 °C at 10 °C/min. The dried samples were equilibrated at -50 °C for 1 min and 
scanned from -50 to 80 °C at a rate of 10 °C/min to determine the thermal behavior of the dried 
apples. An empty hermetically sealed aluminum pan was used as reference (air). Nitrogen gas (50 
mL/min) was used as purge gas. The obtained data were analyzed by using TA Universal Analysis 
software (TA Instruments, New Castle, DE, USA) to determine the glass transition temperatures 
(onset, midpoint and offset) and changes in specific heat capacity at Tg (ΔCp). The glass transition 
temperature (Tg) was reported as the middle temperature in the curves heat flow versus temperature 
(Goula et al., 2008). 
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5.3.9 Total phenolic content and antioxidant capacity 
Sample extraction preparation: To prepare the sample extracts, 1 g of grounded dried and 
fresh apple slices was weighted, placed in a test tube, and mixed with a total of 20 mL of 80% 
aqueous methanol (v/v) (acidified with 0.1% HCl) (Sigma Chemical, St. Louis, Missouri, USA) 
for 2 min using a magnetic stirrer. Afterwards, the extracts were shaken at 150 rpm with a benchtop 
incubator shaker for 2 hours at room temperature (New Brunswick Scientific I-24, Eppendorf, 
Germany), and centrifuged at 3,000 g for 15 min. The supernatants were used for the analysis of 
total phenolic content and antioxidant capacity following the method of Sharma & Gujral (2010).  
Total phenol content was determined in triplicate from the reduction of Folin- Ciocalteau 
reagent (Sigma Chemical, St. Louis, Missouri, USA) by phenolic compounds, with a formation of 
a blue colored complex. The extract (0.5 mL) was mixed with 1 mL Folin-Ciocalteau reagent and 
7.5 mL distilled water and vortexed. After 3 min of incubation at room temperature, 1 mL of 
aqueous sodium carbonate solution was added, tubes were vortexed, and the total phenolic content 
was determined after 90 min of incubation at room temperature. The absorbance of the blue colored 
mixtures was measured at 765 nm using a spectrophotometer (Lambda 1050 UV/VIS/NIR 
Spectrometer, PerkinElmer, Waltham, MA, USA) with acidified methanol as a blank. The 
measurements were quantified with respect to the standard curve of gallic acid (Sigma Chemical, 
St. Louis, Missouri, USA). The results were recorded as gallic acid equivalents (GAE), mg/100g 
of dry mass. All experiments were performed in triplicates.  
The 1,1-diphenyl-2-picrylhydrazyl radical (DPPH•) scavenging capacity was performed in 
triplicate based on the method of Ajitha et al. (2012) with slight modifications. Dried apple sample 
extract solution (0.1 mL) and freshly prepared 3.9 mL of 0.06 mM 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH) radical solution (Sigma-Aldrich, MO, USA) in methanol were mixed and vortexed for 15 
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sec. Afterwards, the mixtures were incubated in the dark for 30 min. After incubation, the 
absorbance of the solution was measured at 517 nm with a spectrophotometer (Lambda 1050 
UV/VIS/NIR Spectrometer, PerkinElmer, Waltham, MA, USA).  The absorbance of DPPH radical 
without sample was used as the control. The antioxidant capacity of apple samples was calculated 
by the following equation:            




where Ac is the absorbance of control and At is the absorbance of dried samples. 
5.3.10 Microstructural characteristics of fresh and dried apples 
5.3.10.1 Environmental Scanning Electron Microscopy (ESEM) 
The surface micro-images of the fresh and dried apple slice samples (2 mm thickness) were 
taken using an environmental scanning electron microscope (FEI Quanta FEG 450 ESEM, 
Hillsboro, OR, USA) operating at low vacuum mode (0.1 - 1.5 torr). The samples were mounted 
onto an ESEM aluminum stub using a carbon adhesive tape and micro-photographed at different 
magnification ranges in 20 kV acceleration voltage (Laurienzo et al., 2013). Multiple images were 
taken from each sample.  
5.3.10.2 Micro CT Imaging 
The apple slices were wrapped in a polymer paper and placed inside a plastic tube to prevent 
the dehydration, which may cause undesired movement of the sample in the CT scan chamber. 
The samples were scanned using an Xradia Micro-CT (MicroXCT-200, Rockville, CA) system at 
the voltage of 40 kV. The apple samples were rotated from -180° to 180° to obtain images over 
360° angle with a scanning time of 120 min (Herremans et al., 2011). After scanning, the 
microstructure of apple slices was quantified by applying a range of 2D and 3D algorithms which 




the 2D images was performed with XMReconstructor software (Xradia Software, Xradia Inc., 
Pleasanton, CA, USA). The 3D images and videos of the sample were taken using TXM3DViewer 
software (Xradia Software, Xradia Inc., Pleasanton, CA, USA). 
5.3.10.3 Analysis of 3D optical surface profile 
3D surface profiles of the dried apple slices were captured by a high-resolution 3D optical 
profiler (VK-X1000, Keyence, Japan) with a voltage fixed at 0.5 V. During measurement, the laser 
scanning microscope scanned the sample surfaces and collected optical images and surface profile 
data with nanometer-level resolution. The images were obtained by analyzing the intensity of the 
returned laser light relative to the z-position of the laser due to the combination of conventional 
white light with a laser light source. Using the lowest-magnification (5X), the sample was placed 
at center of the stage manually. The focus of microscope was adjusted using a coarse then the 
measurement was performed and analyzed using MultiFileAnalyzer software (VK-H2X, Keyence, 
Japan). 
5.3.11 Texture Analysis 
Textural properties of the dried apple samples were determined by the compression test using 
a TA-HDPlus Texture Analyser (Stable Micro Systems Ltd., Godalming, UK) equipped with a 30-
kg load cell. A 4-mm diameter probe (TA-54, Stable Micro Systems Ltd., Godalming, UK) and 
Texture Exponent 32 software (Stable Micro Systems Ltd., Godalming, UK) were used for the 
analysis.  Pre-test, test, post-test speeds and strain rate were adjusted to 3, 1, 10 mm/sec and 90%, 
respectively (Wiktor et al., 2016). Ten replications were performed for each treatment and the 
average of the ten readings were reported. 
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5.3.12 Statistical Analysis  
The results were analyzed by analysis of variance using the General Linear Models (PROC 
GLM) procedure in SAS (version 9.1, SAS Institute, Inc., Cary, North Carolina, USA). Differences 
among the mean values were obtained by Fisher’s Least Significant Difference (LSD) test at 
alpha=0.05. 
5.4 Results and Discussion 
5.4.1 Moisture content, water activity and drying rate  
Moisture content (wet basis) and water activity (aw) values of the apple slices dried with 
freeze drying (FD), hot air drying (HAD), and ultrasound contact drying (US-CD) are shown in 
Table 5.1. The moisture content and aw of the fresh apple slices were 85.9% (w.b.) and 0.988, 
respectively. The HAD and US-CD were performed until changes in the weight of the samples 
became constant. During drying, the moisture content and aw decreased rapidly. The US-CD 
samples lost ~87.2% of their initial weight. The final moisture content (w.b.) for the FD, HAD, 
US-CD was 3.71%, 4.54%, and 5.09%, respectively. The aw of the US-CD samples was 
significantly higher than that of the FD and HAD samples. The lowest aw (0.316) was found in the 
FD samples. Similar results were observed in the study of Schulze et al. (2014) for their freeze 
dried and hot-air dried apple slices.  
Figure 5.3(a) shows drying curves of the apple slices dried with HAD and US-CD. While the 
US-CD samples reached a final moisture content of 5.09% (w.b) in 75 min, it took 135 min for the 
HAD samples to reach a final moisture content to 4.54% (w.b.). The drying time for the US-CD 
was about 80% less than that of the HAD. 
The linear vibrational forces applied by ultrasound to the apple tissues might be the reason 
behind improved drying performance. Hypotheses include those in the previous studies on airborne 
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ultrasound or pretreatment applications (Deng and Zhao, 2008, Cárcel et al., 2017), which 
postulated that cavitation activities lead to changes on the surface of the samples with formation 
of micro-channels, which enhanced the mass transfer due to an increase in the number of pores 
and their sizes. Through these channels, the sample lost water to the gap between the sample and 
transducer surface. The water released from the sample was then atomized on the transducer 
surface immediately (Peng et al., 2017). In the ultrasonic contact drying performed in this study, 
the apple tissue was in direct contact with the vibrating transducer surface. Misting of water 
droplets was observed in the very beginning of the drying. Afterwards, since no heat was supplied, 
the drying enhancement should still be linked to the vibrational forces applied on the tissue, which 
may introduce the sponge effect as reported by Miano et al. (2016), as well as lowering of 
activation energy for water molecules to escape from the biopolymer matrix of apple tissues. The 
exact mechanism for enhance drying by ultrasound at near room remains to be discovered.    
The drying rate curves of the apple slices dried with US-CD and HAD are shown in Figure 
5.3(b). No constant rate period can be found on the drying curves of both drying methods, a 
phenomenon often seen in the drying of fruits and vegetables (Zheng et al. 2011; Torki-Harchegani 
et al., 2016). During the falling rate period, the moisture movement in the sample is controlled by 
molecular diffusion (Torki-Harchegani et al., 2016). The drying rate of the US-CD samples was 
much higher than that of the HAD samples, thus the US-CD was able to reach a final moisture in 
a much shorter time than the later.  
5.4.2 Color  
Color is one of the most important quality parameters of dried fruits and is a critical factor 
affecting consumer acceptance of the product. Some consumers prefer that dried fruits have the 
closest color to the fresh counterparts. The color readings (L*, a* and b*) were recorded to be 
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62.79, 1.58, and 21.41, respectively, for the fresh apples. Mean color values including hue angle, 
Chroma, browning index, total color change, indication of darkness and visual observation index 
of the apple samples from different drying methods are presented in Table 5.2.   
The L* value of the ultrasound-dried samples was very close to the fresh apples and the FD, 
whereas a significantly reduction in L* value was observed in the hot dried samples. The L* value 
was 62.79 for the fresh apples and was 51.86 in the HAD samples. This result might be due to the 
oxidative reactions that occur during drying process which is potentiated by drying air temperature 
and time (Doymaz, 2017). A significant increase in a* and b* values were observed with all drying 
methods. The increase for a* and b* values were in the order of HAD > US-CD > FD. The HAD 
apple slices had a darker appearance compared to the FD and US-CD samples, as shown by 
significantly lower L* value, which might be caused by the long-time exposure to heat during 
drying. On the other hand, an increase in a* and b* values indicated that the yellowness and redness 
of samples increased due to exposure to elevated drying temperature in HAD. Similar results were 
obtained in previous studies in which the effects of freeze drying and hot air drying on the colors 
of different fruits were compared (Deng and Zhao, 2008; Doymaz, 2017; Shewale and Hebbar, 
2017). 
Significant differences were observed for the ΔE and BI values among all the drying 
methods. The FD dried samples had the least changes in ΔE and BI values, followed by the US-
CD samples, while the HAD caused the largest increase in ΔE and BI. The total color changes 
were 15.15 in the HAD samples that is over 4-fold higher than that of the FD apples. Similarly, 
the HAD samples had the highest BI (91.54), that is 88% higher than the FD samples. It can be 
seen that the US-CD samples showed a significantly better color retention than HAD samples.  BI 
is used to indicate the overall changes in browning color and is one of the most common indicators 
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of browning in food products containing sugar (Quitão-Teixeira et al., 2008). The higher the ΔE 
and BI values, the bigger the color difference between the fresh samples and the dried samples, 
and the more formation of browning pigments during drying (Chen et al., 2016). In the study of 
Djekic et al. (2018), it was also observed that the air-dried apple slices had the largest BI and ΔE 
values compared to that of freeze-dried samples.  
Hue angle and Chroma values are also utilized to express the color intensity of food products. 
The hue angle values of the FD, US-CD and HAD samples were significantly different with the 
highest change observed in the HAD apple slices. On the other hand, in all drying methods, the 
Chroma values increased with respect to fresh sample. The darkness (DI) and visual observation 
(VI) indexes of fresh samples were calculated as 0.07 and 913.6, respectively. The US-CD samples 
had a darkness index of 0.16 which was significantly lower than that of the HAD samples. While 
the highest visual observation index was observed in the FD samples, it was not significantly 
different the US-CD samples which had a VI of 392.7.  
Color changes during drying might be due to various factors, such as Maillard reaction, 
pigment degradation, enzymatic browning, and ascorbic acid oxidation, among others (Manzocco 
et al., 2001; Koca et al., 2007; Nahimana and Zhang, 2011; Demiray and Tulek, 2014). The 
combination of these factors acting over a longer drying time can cause a decrease in lightness 
(L*), an increase in redness (a*) and yellowness (b*), and a higher browning index and total color 
change in the food materials. As reported by other researchers, prolonged drying contributes to 
increase browning reactions that cause a change in color parameters (Vega-Galvez et al., 2012; 
Cruz et al., 2015). Therefore, the better color retention in the US-CD samples compared to the 
HAD samples could be attributed to shorter drying time and reduced temperature. 
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5.4.3 Texture, rehydration ratio and bulk density  
Together with appearance and color, texture is a principal quality parameter that determines 
the acceptability of dried food products by consumers. Two important textural parameters, 
hardness and number peaks, of the FD, US-CD and HAD samples are given in the Table 5.3. 
Hardness is one of the highly considered texture attributes of dried apples by consumers 
(Konopacka and Plocharski, 2001; Deng and Zhao, 2008). It is described as the maximum force 
value on the force deformation curve of a sample. This value indicates the correlation between the 
amounts of force required to compress the sample. Therefore, the higher the value, the relatively 
firmer the texture of the samples. Based on the obtained data, the hardness was significantly (P < 
0.05) affected by the all drying methods (Table 5.3). The FD apple slices demonstrated a 
significantly (P < 0.05) lower hardness (8.65 N) than the samples dried by other methods. On the 
other hand, the hardness value of HAD samples (20.44 N) were significantly higher than that of 
the US-CD samples (16.86 N). Similar results were reported by Hu et al. (2006) that the air-dried 
apples had a higher chewiness value, while lower hardness and chewiness values were observed 
in the freeze-dried samples thus having a softer texture. The number of peaks on the force 
deformation curve during the fracture was associated with the crispness which is another critical 
quality attribute for the dried food materials (Tabtiang et al., 2012; Yi et al., 2016). Our results 
showed that while the number of peaks observed in FD samples was significantly more than the 
others, there was no significant difference between the US-CD and HAD samples (Table 5.3).  
The nature of cellular matrix and the soluble solids inside the food matrix, both having 
various interactions with water molecules, have a decisive effect on the textural properties of the 
dried food samples (Deng and Zhao, 2008). In HAD, surface moisture migrates to sample surfaces, 
causing the formation of a relatively firm structure and a hard-external layer. This is as known as 
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the case-hardening phenomenon (Ratti, 1994), which can explain the reason behind the highest 
hardness values and number of peaks of the HAD samples. On the other hand, during freeze drying 
process, pores and cavities are formed as a result of sublimation of ice crystals. This provides high 
porosity and less elasticity to the structure while the original shape of the cellular structure 
maintains largely unchanged. Moreover, due to the low temperature of freeze drying, the chemical 
reactions, such as pectin solubilization, are relatively slow compared with the other two drying 
methods (Deng and Zhao, 2008). However, the FD samples had a more fragile structure and a 
lower hardness than those of the HAD and US-CD samples.  
Rehydration ratio is a comprehensive quality parameter of dried foods, which is affected by 
processing conditions and composition of the product (Shewale and Hebbar, 2017). It is a measure 
of the severity of the physical and structural changes taking place during a drying process. The 
internal structures of the dried food material and the level of damage on the water-holding 
components, such as protein and starch molecules, caused by drying determine its ability to 
reconstitute (Vega-Gálvez et al., 2015; Doymaz, 2017). The experimental data for rehydration 
ratio of the apple slices dried by different methods are presented in Table 5.3. The slices dried by 
different methods showed significant different rehydration ratios (P<0.05). The FD-dried samples 
had the highest rehydration ratio while the HAD samples had the lowest. Similar results were 
obtained in Lewicki and Pawlak’s (2003) study, in which considerable differences in total porosity 
and size of pores between freeze drying and hot-air cabinet drying were observed. As can be seen 
in Table 5.3, the US-CD samples exhibited significantly higher rehydration ratios than the HAD 
samples. This is in agreement with the report of Mothibe et al. (2014) who found that the samples 
treated with ultrasound displayed a better rehydration capability than that dried with other 
methods. The bulk density measurements are also given in Table 5.3. No significant difference 
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was observed between the bulk density values of the FD and US-CD samples, having a value of 
0.35 and 0.42 g/ml, respectively. The HAD samples exhibited the highest bulk density (0.61 g/ml). 
Schulze et al. (2014) also reported that the apple chips made by freeze drying had a more porous 
structure than the air or microwave vacuum dried samples, and thus had a relatively low bulk 
density. The lower bulk density of the US-CD samples than the HAD indicates that the former has 
a more porous structure than the latter, which should be responsible for the high rehydration ration 
of the US-CD samples. 
5.4.4 Glass transition temperature (Tg) and specific heat change (ΔCp) 
The glass transition temperatures (Tg) of the FD, US-CD and HAD apple samples are listed 
in Table 5.4. Tg is a thermodynamic second-order phase transition which leads to a change in the 
heat capacity of the amorphous material and causes an alteration in its structural state from glassy 
to rubbery. It occurs over a temperature range which is a characteristic for each material and may 
vary from 10 to 20 °C for amorphous sugars. The Tg is usually designated as the midpoint 
temperature of such a range (Roos, 1995; Telis and Martínez-Navarrete, 2010; Moraga et al., 
2011).  
Tg is a good indicator for food stability, which is a function of the food composition, water 
content and molecular weight of the solute components in the material. A high Tg value could 
imply a better storage ability (Ratti, 2001; Deng and Zhao, 2008). In this study, the FD and US-
CD apple slices showed a significantly higher Tg than the HAD samples, thus could be more stable 
at room temperature. Tg is known to be inversely correlated with moisture content and water 
activity of the food material. This trend can be seen between the FD and HAD samples in this 
study. The final moisture content and water activity of the FD samples were lower than that of the 
HAD samples (Table 5.1). This result is accordance with the fact that Tg decreases with the 
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increase in water activity and moisture content (Roudaut, 2007; Shrestha et al., 2007; Shi et al., 
2009; Syamaladevi et al., 2010). The longer drying time and higher temperature might be a reason 
for HAD samples to have a lower glass transition temperature which cause more structural damage 
to the food product leading to the collapsing of its tissue (Karathanos et al., 1993; Joardder, 2016). 
However, similar trend was not observed for the US-CD samples. The possible reason for the 
higher Tg in the US-CD samples might be due to an increase in the free volume for the movement 
of the molecules in ultrasound-treated samples than the other drying methods (Nahidul Islam et 
al., 2015).  
The specific heat (ΔCp) at the glass transition of the FD, US-CD and HAD samples are 
tabulated in Table 5.4. It can be seen that the lower the Tg values of the samples, the lower the 
ΔCp value. While all the drying methods showed a significantly lower change in specific heat at 
their glass transition temperatures, the US-CD samples had a ΔCp value of 1.05 J/g °C which is 
significantly higher than the HAD samples (0.967 J/g °C). As mentioned by Mayhew et al. (2017), 
this might be due to the existence of a higher solid composition in the amorphous state of the 
material than its crystalline state.  
5.4.5 pH and titratable acidity  
The pH readings of the fresh, FD, US-CD and HAD samples are listed in Table 5.5. While 
all the samples had a pH higher than 3.5, they were all significantly lower than the pH of the fresh 
apple slices (4.23). The pH of the FD and US-CD samples were not significantly different, but the 
pH of the HAD samples exhibited a significant reduction to 3.60. As shown in Table 5.5, the 
titratable acidity values of the fresh, FD, US-CD and HAD samples were 5.10, 3.57, 2.97 and 2.35 
% malic acid d.m., respectively. The results were all significantly different from each other 
(P<0.05) with the highest reduction observed in the HAD samples. The decreases in the pH and 
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titratable acidity values of the HAD samples might be attributed to vaporization of volatile acids 
and also degradation of some phenolic acids at elevated temperatures encountered in hot-air drying 
(Cruz et al., 2015). 
5.4.6 Total phenol contents and antioxidant capacity 
The TPC of the fresh apple was 74.40 mg GAE /100g of dry mass by the Folin-Ciocalteu 
method (Figure 5.4(a)). A maximum retention of TPC (68.82 mg GAE /100g of dry mass) was 
observed in the freeze-dried slices, might be due to its low processing temperature. In ultrasonic 
direct contact drying, the mechanical stress occurred from ultrasonic wave propagation might 
cause the reduction in polyphenol content by assisting the leakage of intracellular compound and 
oxidative enzymes from the food matrix into the solvent (Santacatalina et al., 2014). However, as 
it is shown in Figure 5.3, the US-CD samples exhibited a significantly higher TPC (36.35 mg GAE 
/100g of dry mass) than the HAD samples. Similar results were obtained in the study of Shewale 
and Hebbar (2017), in which the effect of freeze and hot-air drying processes on quality of apple 
slices was investigated. Heat treatment, especially prolonged heating processes, will reduce 
enzymatic activities and promote degradation of phenolic compounds (Tiwari and Cummins, 
2013; Shewale and Hebbar, 2017). As a result, a higher reduction in TPC of HAD samples was 
recorded compared to other drying methods.  
The total polyphenol content is directly correlated to antioxidant activity. The initial DPPH 
radical scavenging activity for the fresh apple was 41.54 µm/L (Figure 5.4(b)). The FD and US-
CD apple samples had DPPH activities of 48.5 and 35.51 µm/L, respectively, which were 
significantly higher (P<0.05) than the HAD samples (21.51 µm/L). In previous studies, the 
reduction in antioxidant capacity (AC) of ultrasound-assisted drying was attributed to the cell 
damage caused by the mechanical stress created by the acoustic waves (Rodríguez et al., 2014; 
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Nascimento et al., 2016).  However, due to the mild drying conditions in US-CD, the antioxidant 
capacity was preserved better than in the HAD apple slices. Results are in accordance with the 
observations made by Tiwari and Cummins (2013) and Santacatalina et al. (2014) who reported 
the lower degree of antioxidant degradation when apple was freeze-dried. Additionally, similar to 
Shewal and Hebbar’s study (2017), an increase in antioxidant capacity with freeze drying was 
observed in this research. As they mentioned in their study, Maillard reaction products which are 
formed during drying process, such as melanoidins, might be responsible for improved antioxidant 
capacity of freeze-dried apple slices due to their high antioxidant activity (Vega-Gálvez et al., 
2012). 
5.4.7 Microstructure 
The microstructure of the fresh, FD, HAD and US-CD apple slices was observed by ESEM. 
Images of the fresh apple and of apples dried by the different methods are shown in Figure 5.5. 
During ESEM analysis low vacuum mode was used for all samples. 
During thermal drying, plant tissues are exposed to simultaneous thermal and moisture 
gradient stresses which cause significant changes in their structure (Musielak, 2000; Prado et al., 
2000; Raghavan et al., 2001; Reyes et al., 2002). These changes are mainly microstructural 
deformations and shrinkage formed due to the removal of moisture from the cells and reduction in 
turgor pressure. According to Lewicki and Pawlak (2004), the reaction of the cell wall to the turgor 
loss occurs in two steps. In the first step, the cell wall losses its elasticity as the turgor pressure 
decreases with drying. Although this causes a reduction in the cell size, due to the positive turgor 
pressure inside the cell, it is still prone to protect its original circular shape during this step. 
Meanwhile, reductions in cellular dimensions of individual cells might be seen because of the 
contractions of cell wall occurred by drying. Further drying can lead to removal of more cell fluid 
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which causes the turgor pressure to reach a minimum level. In the second stage, more deformation 
occurs in the cell wall because of the decreased tension to adapt itself to lower cell fluid volumes. 
Significant volume reduction during drying was reported in many studies supporting the 
mechanism proposed by Lewicki and Pawlak (Ramos et al., 2004; Rahman et al., 2005; Mayor et 
al, 2005; Witrowa-Rajchert and Rzca, 2009).  
As seen from Figure 5.5(a), the majority of the cells in fresh apple tissues is intact and 
uniform in size. Karunasena et al. (2014) also observed that the cells of fresh apple were mostly 
2D circular cells, may be due to the tension created on the cell wall as a result of the turgor pressure 
applied by the cell fluid. Some structural deformations can be clearly observed in the freeze-dried 
apple slices (Figure 5.5(b)). Compared with the fresh apple sample, the tissue of the FD sample 
lost its organized structure due to the collapsing of cell walls, texture breakages, membrane 
breakdowns and formation of larger intercellular spaces as shown by the red arrows in Figure 
5.5(b). In the studies of Chassagne-Berces et al. (2009) and Laurienzo et al. (2013), they also 
observed some large pores in the FD samples, which might be attributed to the formation of large 
ice crystals during freezing. Moreover, starch accumulation in some localized areas was detected 
in the FD samples (Simons and Chu, 1983; Laurienzo, 2013). Significant shrinkage of cell volume, 
and partial collapse of the tissue can be observed on the hot-air dried apple samples (Figure 5.5(d)). 
It may be induced by the high drying temperature and long drying time in HAD, and the resulting 
cell deformation and formation of intercellular spaces due to the high amounts of collapsing cells. 
These observations are in agreement with the studies of Askari et al. (2004) and Karunasena et al. 
(2014), in which the conventional dried samples were not able to protect their original 
microstructures. Among the drying methods, the US-CD samples showed the best microstructure 
retention (Figure 5.5(c)). Their microstructure looks quite similar to the fresh apple sample except 
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some small deformations in the cell shapes and sizes. The enhanced mass transfer due to ultrasound 
(Ye et al., 2011; Cárcel et al., 2017) and the near room temperature drying may have contributed 
to preserve the microstructures of the apple tissues.    
The microstructures of the fresh and dried samples were also investigated with Micro-CT in 
2D and 3D modes (Figure 5.6 and Figure 5.7). As it is illustrated in Figure 5.8, during Micro-CT 
analysis, the sample is first scanned by the X-ray from different angles by rotating it and 
transformed into a gray-scale 2D image by the detector, which is then turned into a 3D model via 
a reconstruction algorithm (Herremans et al., 2011). The cross-section images and the 3D models 
of the fresh and dried apple slices revealed that the FD and US-CD better protected the 
microstructures than the HAD (Figures 5.6 and 5.7). While losses in structural integrity, 
deformation in cell shape, and cell wall breakdown can be observed in the HAD samples, the FD 
and US-CD samples retained the porous structure seen in the fresh samples. Mendoza et al. (2007) 
also examined the 3D structure of apple tissue by using a similar method and could detect the 
similar porous characteristics of fresh apple samples. The morphological changes in the samples 
after drying were also analyzed with a 3D optical profiler. The images belonged to the fresh, FD, 
US-CD and HAD samples are presented in Figure 5.9. The 3D optical surface profile analysis 
provided detailed visuals of the microstructures by utilizing a color scale to illustrate their porosity 
levels. The amount and distribution of indentations shown by different colors represent the degree 
of porosity that the structure has. The images showed that while there were many indentations on 
the surface of the FD and US-CD samples as in the fresh samples, the structure of the HAD samples 
displayed a smoother surface profile. Therefore, the 3D optical surface profile analysis also 
confirmed that the freeze-drying and ultrasound direct contact drying were more successful in 
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protecting the sample’s native structure in terms of maintaining the porosity characteristics than 
the hot-air drying method. 
5.5 Conclusion  
In this chapter, drying characteristics, quality attributes, and microstructures of the apple 
slices dried with a freeze drying, a hot air drying, and an ultrasound direct contact drying the 
microstructures. Overall, the US-CD showed a drying performance close to that of the freeze 
drying with regard to quality retention and microstructural changes. The drying time for the US-
CD samples was significantly lower than the freeze and hot-air dried samples. The rehydration 
ratio, color and textural properties of the US-CD apple slices were greatly improved when 
evaluated against the hot air drying. The total phenolic content and antioxidant capacity of the US-
CD samples were 2.25 and 1.65 times higher than that of the hot air counterparts, respectively. 
The FD and US-CD apple slices showed a significantly higher Tg than the HAD samples, 
indicating a better stability at room temperature. The microstructural changes in the apple slices 
were observed ESEM, Micro-CT and 3D surface profile analysis. The results confirmed that the 
hot air drying was detrimental to the microstructure of the food products, while the ultrasound 
direct contact drying exhibited a better protection of the porous structure and less change in cell 
size and shape. The findings showed that the ultrasound direct contact drying can be a good 
alternative to hot-air drying due to its superior quality retention ability, improved structural 
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Figure 5.4. Total phenolic content (TPC) (a) and antioxidant capacity (AC) (b) of fresh apple 
slices and samples dried with different methods 








Table 5.1. Moisture contents and water activities of fresh apple slices and samples dried with 
different methods 
 





Drying Methods Moisture Content (% w.b) Water Activity (aw) 
Fresh 85.90 0.988a 
Freeze Drying 3.71 0.316b 
US Drying 5.09 0.386c 




Table 5.2. Color readings of the fresh and the dried apple slices.  






















L* a* b* 
Fresh 62.79a 1.59c 21.41c NA NA 85.78a 21.47c 0.07c 913.6a 
Freeze 
Drying 
62.76a 2.24c 23.65b 2.94c 48.71c 84.59a 23.76b 0.10c 664.7ab 
US Drying 62.56a 4.55b 28.56a 7.83b 64.56b 80.95b 28.92a 0.16b 392.7bc 
Hot Air 
Drying 








a-c texture values, rehydration ratios and bulk densities means between treatments with the same 












Number of  
Peaks 
Freeze Drying 8.65c 18.00a 3.27a 0.35b 
US Drying 16.86b 3.10b 2.39b 0.42b 








Table 5.4. Glass transition temperature (Tg) and change in specific heat (ΔCp) values of apple 
slices dried with different methods 
 
a-c Tg and ΔCp  means between treatments with the same letter in each sample are not 
significantly different (p<0.05). 
  
Drying Methods Tg (°C) ΔCp (J/g °C) 
Freeze Drying 16.32a 1.22a 
US Drying 14.07a 1.05b 







Table 5.5.  pH and titratable acidity (TA) values of fresh apple slices and samples dried with 
different methods 
 
a-d pH and TA  means between treatments with the same letter in each sample are not 
significantly different (p<0.05).  
  
Drying Methods pH Titratable Acidity (TA) 
Fresh 4.23a 5.10a 
Freeze Drying 3.81b 3.57b 
US Drying 3.69bc 2.98c 










































































































































































































CONCLUSION AND FUTURE STUDY 
The overall goal of this project was to develop a novel approach for liquid – liquid and solid 
– liquid separation by using ultrasonic waves. Ultrasonic separation prototypes were designed, 
fabricated, and tested for enrichment of selected alcohols, such as ethanol, in the ultrasound 
generated mist. The parameters affecting the alcohol enrichment ratio were studied for optimizing 
the operation. Additionally, to understand the interaction between ethanol and water in the mixture, 
its physicochemical properties were investigated at molecular level. Similarly, ultrasonic contact 
and non-thermal drying prototypes were developed and tested. For ultrasonic contact drying, 
besides investigating the factors influences drying rate, the quality and microstructure of apple 
slices after drying was also evaluated. 
In liquid – liquid separation with ultrasound technology, the results showed that (1) 
ultrasound-mediated separation system can enrich the alcohol in mist, (2) ultrasonic separation 
system can separate ethanol from ethanol – water mixtures at their azeotropic point, (3) ethanol 
dehydration can be achieved at room temperature by ultrasonic waves, (4) changes in the contact 
angle and surface tension between ethanol – water mixture and glass surface with time was 
evidenced by Goniometer, which may affect the separation efficiency of ethanol from its aqueous 
solution at different concentrations.  
In solid – liquid separation  by using acoustic energy, it was found that (1) ultrasonic contact 
drying with the high frequency ultrasonic mister at room temperature can significantly reduce 
drying time compared to oven drying at elevated temperatures, (2) drying of fabric samples with 
single ultrasound transducers at room temperature can be significantly faster than thermal drying 
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with a TGA at frequencies in kHz and MHz ranges, (3) moisture reduction in bio-polymeric 
matrixes is strongly dependent on ultrasound frequency and the intensity of ultrasonic waves, (4) 
the ultrasound direct contact drying has a drying performance close to that of the freeze drying 
with regard to quality retention and microstructural changes, (5) the ultrasound direct contact 
drying exhibits a better protection of the porous structure, improved quality retention, and less 
change in cell size and shape than the hot air drying.  
In summary, the newly developed batch type ultrasonic separation unit accurately controls 
and modifies the operation temperature, carrier gas flow rate, and mist collection process, while 
constantly circulating the water around the separation vessel to maintain the temperature. This new 
equipment is capable of operating at the ranges of temperatures from 15 ℃ to 45 ℃ and carrier 
gas flow rates from 10 LPM to 30 LPM. This proposed non-thermal, non-equilibrium separation 
method is able to break the ethanol-water azeotrope, showing promise to reduce energy 
consumption in ethanol production. On the other hand, the high-power ultrasound system 
developed for drying is attached to a fan with a heater to accelerate the mass transfer and moisture 
removal of the drying samples. This system is also capable of operating at the ranges of output 
flow temperatures from 26 °C to 33 °C and air velocities from 4.1 m/s to 4.9 m/s.  This novel 
ultrasonic direct contact drying approach can be a good alternative to hot-air drying due to its 
superior quality retention ability, improved structural behavior, and good drying characteristics 
along with significantly decreased drying time and temperature. 
For future studies of non-thermal ultrasonic liquid – liquid separation system, it is possible 
to improve different mist collection methods, develop a better understanding of droplet size control 
and expand the knowledge on the characteristic behaviors of ethanol-water mixtures at molecular 
level. These improvements in the batch system can be crucial during the design and develop the 
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continuous separation unit. For the ultrasonic direct contact drying method, alternative transducers 
to improve the drying efficiency can be further investigated. The future studies can also focus on 
improving the design of this newly developed system. A better drying performance can be 
achieved by building a closed and more compact drying unit with a reduced energy consumption 




APPENDIX A  
PERFORM ULTRASOUND-MEDIATED SEPARATION OF BUTANOL AND 
METHANOL FROM THEIR AQUEOUS SOLUTIONS 
The enrichment ratio decreased with increasing initial concentration of butanol and methanol 
in the bulk solution (Figure A.1). This is because of the higher volatility of alcohol with respect to 
water that makes the solution more volatile at higher concentration. High enrichment ratios were 
obtained at lower concentration range and the ratio slightly decreased with increasing the 
temperature from 15 oC to 45 oC. Obviously, at 30 oC, the ratios of enrichment were about 3.5 and 
2.6 for methanol and butanol, respectively. 
The methanol and butanol concentrations in collected mist at different operating 
temperatures are plotted against its concentrations in the bulk solution (Figure A.2). With 
increasing temperature, the rate of separation decreased because water molecules also started to 
evaporate when rising the temperature from 15 oC to 45 oC, thus affecting the separation in 
collected mist.   
Figure A.3 shows the effects of adding K2CO3 on enrichment of methanol and butanol in the 
mist from their aqueous solutions. Relatively higher enrichment ratios were recorded at lower 
methanol and butanol concentrations, and the ratio of enrichment rapidly decreased with increasing 











































































Figure A.3. The enrichment ratio at different salt concentrations 
 
 
 
 
  
 
 
